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PREFACE 


The present book may be considered as a first attempt to regard as a whole the 
problems of corrosion and protection of metals under the attack of external currents 
in water-containing environments. Corrosion processes in melted environments 
are not included in this book, since they are characterized by quite other mechan- 
isms and laws. 

Corrosion of metals under the attack of external currents is usually defined by the 
term “electrocorrosion.” This general term of generalizing character is given in the 
title of the book. However, in the text it is not used too often, as specific questions 
connected with corrosion under the attack of stray currents or of leakage currents 
are considered. Besides, in the text it was necessary to specify additional current 
characteristics (anodic, cathodic, variable, etc). 

Based on the general approach to the problems of electrocorrosion and protec- 
tion of metals, the main focus attention was concentrated on the results of the 
researches of metal electrocorrosion in aggressive media of electrochemical plants, 
where these problems were most acute and least studied. These results formed the 
basis for developing methods and means of protection of metallic equipment and 
pipelines from corrosive attack by external currents in these plants. The well- 
known problems of corrosion and protection of metals in the field of stray currents 
are given in the form of a review. 

Alongside the available literary data are given the results of long-term work 
carried out by a specialized division on the protection of metals against electro- 
corrosion, headed by the author, in the Moscow R&D Corrosion Institute. These 
results provide the main content, since available data on the electrocorrosion of 
metals in aggressive environments are rather limited. It must be noted that all the 
activities of research and development activities were carried out in constant close 
contact and cooperation with different operating electrochemical plants of chemical 
and non-ferrous metallurgical industries. 

The successful solution to many problems connected with the design and 
calculation of models of metallic structures operating in the field of external 
currents and with researches of corrosion and hydrogenation of metals at cathodic 
polarization in many respects, is credited to the fruitful cooperation of Dr. J. B. 
Skuratnik, a brilliant scientist of the Moscow Scientific-Research Institute of 
physico-chemical researches in the name of Karpov. 

The author thanks all colleagues with whom he has had the fortune to collabo- 
rate and without whose teamwork this book could not have been born. 

The author has pleasure in expressing his special gratitude to the director of the 
Moscow R&D Corrosion Institute, Professor V. A. Timonin, who, for many years, 
encouraged this work. His benevolent attitude to the work, professional recom- 
mendations and advice given at discussions on the results of the studies promoted a 
successful solution to many problems. 
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INTRODUCTION 


CORROSION AND ELECTRIC CURRENT — 200 YEARS TOGETHER 


The first electric current source was invented 200 years ago, at the boundary 
of the eighteenth and nineteenth centuries. In 1800, Volta built the famous 
“column” pile, the first electric battery: a series of alternating copper and zinc 
disks, separated by cardboard disks soaked with acid or salt solution. Between the 
copper-—zinc pairs, an electric current was generated as a result of zinc dissolution or, 
in other words, as a result of zinc corrosion. Since then the two phenomena, 
corrosion and electric current, are closely allied and achievements in the studies of 
one of them promoted successes in the development of the other. 

Nevertheless, only in the third decade of the twentieth century, after publica- 
tions by Evans and Hoar, did the idea of the electrochemical nature of the corrosion 
processes of metals in contact with electrolytes finally become established [1]. 

The development of direct current sources made it possible to use an electric 
current as a means of influencing the metal-electrolyte system in further inves- 
tigations. The laws of electrolysis that were discovered by Faraday as a result of 
these investigations promoted intensive development of theoretical and applied 
electrochemistry. 

The fact that corrosion processes of metals have an electrochemical nature 
turned corrosion science into a branch of electrochemistry. Methods that are used 
for studies of corrosion processes are, to a large extent, similar to the electrochemical 
methods of investigation. Most of these methods (different kinds of polarization 
measurements, potentiometry, coulometry, impedance, etc.) are based on the 
influence of external currents on metals. The results of investigations of metal 
dissolution or deposition kinetics, adsorption and desorption processes, etc., 
obtained by electrochemists, are of interest to corrosion specialists and vice versa. 

Processes based on electrochemical reactions in which electric current plays a 
part found widespread application in applied electrochemistry (electrolysis pro- 
cesses). The first electrolysis process was used in electrodepositing, the process 
that is the opposite of the corrosion process. Further investigations led to the 
development of electrolysis processes without metal deposition in aqueous electro- 
lytes. Among them are water electrolysis for producing hydrogen and oxygen and 
electrolysis of sodium salts and other chloride solutions for producing chlorine, 
alkali and oxygen—chlorine compounds. Not only chlorine and oxygen—chlorine 
compounds, but many other oxidizers: hydrogen peroxide, manganese com- 
pounds, persulfates and other peroxides are also produced by electrolysis. 

Processes of electrolytic refining and extraction of copper, nickel, cobalt, zinc, 
chromium, metals of the platinum group and of many other metals were developed. 
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Some of the metals (aluminum, magnesium, alkali and alkaline-earth metals) are 
produced by the electrolysis of melted salts. 

Electrolysis processes are also applied for organic and inorganic electrosyntheses. 

For a number of reasons, including the relative ease of execution and monitor- 
ing of electrochemical processes, electrochemical plants are now amongst the 
leading enterprises in the chemical industry [2]. 

It was possible to create large-scale and energy-consuming enterprises owing to 
the appearance of high-power sources of electric current. At some of such plants, 
current magnitudes attain hundreds of kiloamperes. 

The use of electric current in electrochemical plants gave rise to problems 
connected with corrosion effects of leakage currents penetrating to metallic piping 
and equipment from electrolytic cells. This became a major problem for many 
plants, since it hindered the further development of the electrochemical plants. It 
was very difficult to find corrosion-resistant structural metallic materials for such 
plants, since these materials were attacked not only by media of high aggressiveness, 
but also by external currents. 

Thus, corrosion phenomena promoted the development of different branches 
of science and technology connected with the processes stimulated by electric 
currents. In turn, extensive development of these processes engendered serious 
problems connected with the corrosion of metals under attack by leakage currents 
appearing in these processes. 

So, we have a two-century long history of studies of the relationship between 
corrosion and electric current, and there are a huge number of investigations 
connected with the influence of an electric current on metal-electrolyte systems. 
It is amazing, but, in spite of these facts, the number of researches devoted to 
studying the direct corrosion attack of metals by external currents in aggressive 
environments is rather limited. Even fewer are the number of works devoted to 
methods and means of metal protection against corrosion by external currents in the 
ageressive media of electrochemical plants where the action of external currents on 
the metal structures is unavoidable. 

Considered the corrosion problems connected with the attack by stray currents 
on underground and underwater piping and other structures can be considered an 
exception. Extensive investigations have been carried out in this field. Methods of 
control and protection of metals used in the said structures against corrosion attack 
by stray currents were developed. There is a rich library of books containing 
chapters on the corrosion of underground structures by stray currents. Therefore, 
only a limited review on this subject is given in Chapter 2 of this book. Such a 
review was necessary not only to enlarge the scope of the problems connected with 
the electrocorrosion of metals, but also to analyze the extent to which the experi- 
ence that was accumulated in the field of corrosion and protection of metals against 
the attack by stray currents may be appropriated for solving the problems of 
electrocorrosion in the aggressive media of electrochemical plants. 

The relatively low aggressiveness levels of soil, fresh water and seawater enables 
the application of carbon steel as a major structural material in these media. 
Extensive and comprehensive investigations of carbon steels that usually have rather 
similar corrosion and electrochemical characteristics in these media made it possible 
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to unify most methods and means of protection of underground piping and other 
structures against corrosion by stray currents. For engineers who are designing and 
carrying out corrosion protection of these objects today and are using existing 
standards for these purposes, knowledge in the field of electrical engineering is often 
more important than knowledge in the field of corrosion and protection of metals. 

In electrochemical plants, the situation is quite different since aggressive media 
and applied structural materials are characterized by their great variety. This variety 
must be taken into account when the corrosion of metals by external currents and 
methods of protection against their attack are considered. 

This approach to the problem means that a profound analysis of the metal state 
(passive, active, etc.) in the given aggressive environment of corrosion and electro- 
chemical characteristics (corrosion and activation potentials of the metal, oxidation 
or reduction potentials of medium components on the metal surface, ratio of 
external current density to the current density of metal in the passive state, 
polarization characteristics, etc.) has to be carried out. Under such an approach, 
the external current is considered to be not just one of the factors of environmental 
aggressiveness, but the most aggressive one. 

A very important point in this approach involves the fact that in the majority of 
cases, the metals that are used in aggressive media are initially in a passive state. 
Concentrating on this fact enabled the elaboration of fundamentally new very 
effective methods and means of protection of metals from electrocorrosion in 
aggressive media. The major concept of these methods consists of retaining by all 
means the potential of the protected metal within the limits of its passive field. 

Further, it will be shown that such an approach turned out to be the most 
fruitful, particularly for the development of effective methods of metal protection 
against electrocorrosion in electrochemical plants. 
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CHAPTER 1 


DEPENDENCE OF THE CORROSION BEHAVIOR 
OF METALS ATTACKED BY AN EXTERNAL 
CURRENT ON THEIR INITIAL STATE 
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1.14. STATE OF METALS IN AGGRESSIVE MEDIA IN THE 
ABSENCE OF ATTACK BY EXTERNAL CURRENTS 


When a pure metal comes into contact with an aqueous solution of its salt, an 
equilibrium electrode potential, E.,, is established on the metal. This potential corre- 
sponds to the equality of speeds of metal atom ionization and of metal ion discharge on 
its surface. The value of the equilibrium potential ofa metal ina 1 N solution ofits salt at 
a temperature of 25°C is identified as the standard electrode potential, which is con- 
sidered an important metal characteristic. To compare the thermodynamic stabilities of 
various metals, a so-called electrochemical series was established in which the metals are 
located in ascending order of their stability. In general, the more positive the standard 
potential of a metal, the higher is its thermodynamic stability. Values of standard 
electrode potentials are specified with respect to the standard potential of a hydrogen 
electrode, which is conventionally accepted as equal to zero. 

During electrochemical corrosion, the process of metal dissolution in the 
electrolytes, which proceeds in accordance with the electrochemical mechanism, 
two conjugated reactions take place: anodic reaction of metal ionization 


Me=Me"* +ne , (1.1) 


6 Electrocorrosion and Protection of Metals 


and cathodic reaction of reduction of any solution component on the metal 
surface 


Ox-+ne =Red. (1.2) 


The spontaneous course of a corrosion process according to reaction (1.1) is 
possible only if the electrode potential of the metal is more negative than the 
potential of the cathodic reaction (1.2). Such a relationship between the potentials 
is a thermodynamic condition for the occurrence of the corrosion process. During 
the course of an irreversible corrosion process, a compromise potential, E,, is 
established on the metal. It is called the stationary or corrosion potential. 

The hydrogen ion is the component that is most often reduced on the cathode 
in acid media. The summarizing reaction of cathodic depolarization of a hydrogen 
ion is characterized by the equation 


2H*H,O+2e" =H) +2H20. (1:3) 


In many media, particularly in water, dissolved oxygen is reduced on the 
cathode. The summarizing reaction of this reduction is as follows: 


O2+2H20+4e7 =4OH™. (1.4) 


The reversible potential of this reaction in a neutral solution in an atmosphere of 
air (1.e., at a partial oxygen pressure of ().21 atm) is equal to 0.805 V. 

The agent (oxidizer) that is reduced on the cathode is defined in the existing 
corrosion terminology as the depolarizer of the cathodic process. Accordingly, 
a corrosion process at which a cathodic reaction (1.4) takes place is termed as 
corrosion with oxygen depolarization. 

Dissolved chlorine, ions of metals of the highest valence, for example, Fe°? and 
Cu’* and so forth can act as oxidizers in corrosion processes. 

The condition of the metal, which can be characterized as stable or unstable 
in a given aggressive medium, depends on the nature of the metal and on 
the properties of the aggressive medium. Metals of the first group — lithium, 
potassium and sodium — are the most unstable, being at the left end of 
the electrochemical series of metals. The electrode potentials values of these 
metals (—3.045, —2.925 and —2.714V, respectively) belong to the most nega- 
tive. On contact with water, their dissolution is accompanied by strong evolu- 
tion of hydrogen. 

Iron is positioned in the middle of the electrochemical series. The standard 
potential of the reaction Fe = Fe~* + 2e” is equal to —0.44 V. The standard poten- 
tial of the reduction of hydrogen ions in water at pH 7 is equal to —0.414V, 
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which is a slightly more positive than the standard electrode potential of iron. At 
such a potential value, dissolution of iron in water with hydrogen evolution is 
theoretically possible. However, owing to the impedance of the discharge of 
hydrogen ions on iron, hydrogen evolution in the corrosion process of iron in 
neutral solutions practically does not occur. Corrosion of iron in water and in 
neutral solutions that do not contain oxidizers occurs with oxygen depolarization, 
according to reaction (1.4). In conditions of an easy access of air to the surface, the 
solubility of oxygen in water is low, of the order of 8 mg/I at ambient temperature. 
Therefore, the corrosion rate of iron is limited by reaction (1.4), which usually 
depends on the rate of oxygen delivery to the metal surface. 

Metals of the platinum group and gold possess the highest standard electrode 
potentials values: the potentials of palladium, iridium and platinum are equal, 
respectively, to 0.99, 1 and 1.2 V; and the potential of gold is equal to 1.5V. 
These metals exhibit corrosion stability in most types of aggressive media, including 
neutral media containing oxygen and other oxidizers. 

The estimation of the corrosion stability of metals by the magnitude of the 
standard potential can be considered only as preliminary since it does not 
consider the properties of the aggressive media and the ability of the majority 
of metals to form passive layers on their surface which interfere with the development 
of the corrosion process. 

To execute a more complete analysis of the thermodynamic metal state, 
potential/pH diagrams for metal/water systems (Pourbaix diagrams) are used [1]. 
These diagrams take into account the thermodynamic balance between the metal, 
its ions in solution, insoluble products of reactions between the metal and the 
solutions at various values of metal potential and the pH of the solutions. Thus, 
alongside the nature of the metal, the properties of the aggressive medium and its 
interaction with the metal are considered in Pourbaix diagrams. 

Areas of the thermodynamic states of the metal, solution and products of their 
interaction are separated on Pourbaix diagrams by equilibrium curves. As examples, 
we shall consider simplified diagrams for the equilibrium conditions at which the 
activity of metal ions or its soluble corrosion products in a solution is equal to 
10 °N. Such an activity value can be considered a border: below this value the 
metal possesses corrosion stability. 

A Pourbaix diagram of iron in aerated water solutions at temperature 25°C is 
shown in Figure 1.1. The horizontal line a corresponds to the equilibrium of the 
reaction Fe = Fe** + 2e. Above this line, in the area limited by lines a and b, Fe?* 
ions are stable. The area above lines b and ¢c, where solid corrosion products of iron 
are stable, was determined by Pourbaix as the area of passivity. 

Lines a, b and ¢ divide the diagram into three main areas. The area of thermo- 
dynamic stability of iron, which was named by Pourbaix as the immunity area, is 
disposed below lines a and c. Between lines a and b, there is an area of iron corrosion. 

The dashed lines 1 and 2 mark the area of thermodynamic stability of water. The 
top line 1 is pertinent to the equilibrium of the water oxidation reaction, and the 
bottom line 2, to the equilibrium of the water reduction reaction, with hydrogen 
evolution. The electrode potentials of iron in neutral water, in the area of its corrosion, 
are disposed in the area corresponding to the thermodynamic stability of water. 
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Figure 1.1 Simplified Pourbaix diagram of iron. Temperature, 25°C. 


Equilibrium potentials of the iron ionization reaction are, in this area, more negative 
than the equilibrium potential of the reaction (1.4) of oxygen reduction. This makes 
the development of a spontaneous process of iron corrosion with oxygen depolariza- 
tion possible according to reaction (1.4). 

The primary products of the reaction of iron with water, ferrous oxide and 
ferrous hydroxide Fe(OH)s, are oxidized in an aqueous solution to form ferric 
hydroxide Fe(OH)3, which is known as rust. The layer of this secondary corrosion 
product practically does not possesses protective properties. At the high concentra- 
tion of alkali, which has not been indicated in the diagram, soluble products of 
corrosion — hypoferrites (HFeO._) — are formed. 

The simplified diagram given does not consider the influence of widespread 
ageressive components of the environment, such as chlor-ions. These ions take part 
in intermediate reactions of the ionization of iron and other metals. In many cases, 
they stimulate and accelerate the corrosion process. The lines that characterize the 
ratio of bivalent and trivalent iron ions at various potentials are also not considered 
in the diagram. 

For aluminum, which does not form ions of variable valence and secondary 
corrosion products, the Pourbaix diagram looks essentially simpler (Figure 1.2). 

The area of immunity of aluminum is disposed below lines a and b. The vertical 
lines ¢ and d are pertinent to the equilibrium of the corrosion products of the 
reactions, respectively: 


2AP++3H 0 = ALO; +6H+4 6e~ (5) 
and 
AlbO3+H2O =2Al0, +2H", (1.6) 
or, in hydrated form: 
AP+ +3H,O = Al(OH)3+3H", (137) 


and 
Al(OH); =AlO, +H,0+H?. Cle 
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Figure 1.2 Simplified Pourbaix diagram of aluminum. Temperature, 25°C. 


Thus, Pourbaix diagrams introduce the concept of the following three states of 
metals, depending on the potential in the given aggressive medium and the determi- 
nation of its corrosion behavior: corrosion (active state), passivity (forming passive 
layers inhibiting the corrosion process on the surface of the metal, including thermo- 
dynamically active metals) and immunity (thermodynamic stability) of the metals. 
Further, it will be shown that these three metal states in aggressive media have a 
special value when corrosion action by an external current on the metal is considered 
and when methods and means of protection from electrocorrosion are developed. 


1.2. POLARIZATION OF METALS 


On the occurrence of an irreversible corrosion process, the ionization rate of the 
metal prevails over the discharge rate of the metal ions on its surface. The electric 
neutrality of the metal is retained due to depolarizer reduction by the excess electrons 
that remain in the metal. The value of the corrosion potential, E,, that has established on 
the metal depends on the limiting stage of the corrosion process. If, other things being 
equal, the anodic process of metal ionization is retarded (which leads to an excess of 
positive charges in the metal) or the cathodic process of oxidizer reduction is facilitated 
(which leads to a reduction of the negative charges in the metal), a shift of the metal 
potential to the positive side takes place. A shift in the potential resulting from the 
retardation of any stage of the electrochemical process is termed polarization of the metal. 
The magnitude of this shift, characterizing the degree of difficulty of the proceeding of 
the electrochemical process, is referred to as overvoltage of this process. 

The shift of the potential of the metal to the positive or the negative side is defined, 
respectively, as anodic or cathodic polarization. When an electric contact of two different 
metals, for example, copper and zinc, immersed into a common electrolyte occurs, their 
potentials are drawn together. The potential of zinc, which is negative with respect to the 
potential of copper, shifts to the positive side, i.e., anodic polarization of the zinc occurs. 
As a result, the corrosion rate of the zinc increases. At the same time, the potential of the 
copper shifts to the negative side, i.e., the copper is cathodically polarized. It is possible to 
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measure the current passing between these two metals. In relation to the zinc, this will be 
an anodic current, and in relation to the copper, cathodic. Thus, the galvanic corrosion of 
zinc can be considered as a corrosion process proceeding under the conditions of attack by 
an external anodic current. 

Systematic investigations of the corrosion and electrochemical behavior of metals 
were started in the first half of the twentieth century. The major part of the 
investigations included analyses of the dependences of the metal potential on 
the impressed current density (the ratio of current to the working surface area of 
the metallic sample) in various aggressive media. The dependences determined by 
polarizing curves provided information on limiting stages and other important details 
of the mechanism of the corrosion processes; to determine the corrosion and 
electrochemical characteristics of metals; to estimate the efficiency of electrochemical 
protection, the influence of the components of the alloys and the danger of galvanic 
corrosion; and other data connected with corrosion processes. Under the conditions 
of the action of an external current on metal, the polarizing curves provide direct 
information on the character, mechanism and intensity of this action. 

Polarization curves are usually obtained using glass cells containing three electro- 
des: the working electrode (the investigated metal specimen), the auxiliary electrode 
(which is usually made of a platinum wire) and the reference electrode. During the 
polarization process, the working parts of all three electrodes are immersed into an 
electrolyte in which the given metal is being investigated. When an elevated purity of 
electrolyte and high accuracy of the experiments are necessary, the volumes of the 
auxiliary and reference electrodes are separated from the volume of the working 
solution of the cell by porous partitions, or these two electrodes are placed into 
separate vessels connected with the working solution through electrolytic taps. 
Hydrogen electrodes and other, easier to handle electrodes (calomel, Ag/AgCl, 
etc.) are used as reference electrodes. The choice of reference electrode depends on 
the composition and properties of the aggressive environment. The scale of potentials 
relative to the normal hydrogen electrode (NHE) is accepted as the standard. All the 
potential values given below are with respect to the NHE. 

All three electrodes are connected to an adjustable current source. The power 
electric circuit, in which the magnitude of the imposed current is measured, is 
created between the working and auxiliary electrodes. The respective change in the 
electrode potential with variations in the current density is measured in a circuit 
created between the metal sample (working electrode) and the reference electrode. 


1.3. ATTACK OF EXTERNAL ANODIC CURRENT ON ACTIVELY 
CORRODING METALS 


It is customary to say that a metal that is spontaneously dissolving (corroding) 
at an appreciable rate, that it is in an active state. When the current of the anodic 
direction is impressed on an actively corroding metal, the stream of electrons is 
directed from this metal to an external circuit. According to Faraday’s laws, the 
quantity of positively charged metal ions transferring into the solution is equivalent 
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to the strength of the anodic current. The higher the external anodic current 
strength, the stronger the anodic polarization of the metal, i.e., the shift of its 
potential to the positive side. 

If the small magnitudes of external current at which the dependence of the 
potential on the current density close to the linear are neglected, the dependence of 
the potential on the current density of an actively corroding metal can be expressed 
by the following equation: 


E=E,+(at+6 logi) (1.7) 


where E, is the metal potential in the absence of attack by an external current (open 
circuit or corrosion potential), E is the metal potential at the given impressed 
anodic current density 7, and a and b are constants. 

This curve, which has a linear character in semi-logarithmic coordinates 
(Figure 1.3) is named a Taffel curve. The initial deviation of the curve from the 
linear character is mainly connected with self-dissolution of the metal, which, at a 
small external current, is comparable with the magnitude of this current. 

Owing to retardation of the ionization process of the metal, under the action of 
an external anodic current, the potential of the active metal shifts from its E, value 
to the positive side. This potential shift, designated overvoltage of ionization, is 
relatively small; for a change in the current density by one order of magnitude, it 
usually makes up only several tens of millivolts. The dependence that corresponds 
to equation (1.7) can be observed, for example, on iron in solutions of acids and 
neutral salts, where the iron, in the absence of attack by an external current, is 
corroding, respectively, with hydrogen and oxygen depolarization. 

Another example of active metal dissolution is the corrosion of aluminum in 
solutions of acids and alkalis. 

Dissolution of an active metal by an external anodic current takes place at a time 
when its self-dissolution can lead to a departure from Faraday’s law. Under the influence 
of an external anodic current, the current of self-dissolution usually decreases [2]. This 
phenomenon is referred to as the positive difference-effect. In some cases, for example, 
on aluminum and its alloys in chloride-containing environments, a negative difference- 
effect takes place [2]. This consists of an increase in the self-dissolution rate of the metal 
under the action of an anodic current. At a high external current density, when the 
dissolution rate of the metal is high, it is possible to ignore the self-dissolution rate of the 
metal, lowered as a result of the positive difference-effect. In contrast, in the case of a 
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Figure 1.3. Anodic polarization plot of an active metal. 
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negative difference-effect, the self-dissolution rate can be significant and appreciable 
deviations from Faraday’s law are possible. 

The polarization curve of Figure 1.3, in which the current density is an 
argument and the metal potential is a function, is referred to as galvanostatic, 
where the metal is maintained at each designated current density up to the estab- 
lishment of a stationary potential value. It takes a long time to plot galvanostatic 
curves and to obtain the necessary characteristic potential versus current density 
values; hence, it is easier to settle for galvanodynamic curves obtained at a higher 
rate of current density. When plotting galvanodynamic curves, the current density 
is usually changed at some constant rate and the metal potential at each point of the 
plot has no time to reach a stationary value. The adjustable current source applied 
for making such plots is called a galvanostat. 

Since the 1960s, corrosion-related electrochemical researches are mainly con- 
ducted by means of an electronic electrochemical device named a potentiostat. This 
device enables the impression of an external current on a metal and its adjustment in 
such a manner that a designated potential can be supported on the metal. In this case, 
the potential becomes an argument in the relationship between the potential and the 
current density. Transformation of the potential into an argument in the study of the 
dependence of the potential on the current density has a fundamental importance, as 
the electrochemical state and behavior of metals in an electrolyte are determined, first 
of all, by their potential values. On the basis of the obtained current density magni- 
tude, the potentiostatic polarization curve characterizes, at each of its points, the metal 
state at the potential value, which is maintained with the help of the potentiostat. 

As potentiodynamic curves are plotted at a certain constant rate, there is no time 
to establish a stationary value of the current density on the metal. However, in 
many cases, for revealing the necessary corrosion mechanisms, the results obtained 
on the basis of potentiodynamic curves, though limited, are enough [3]. Moreover, 
the commercial potentiostats are able to operate as galvanostats. 

It is obvious that the polarization curves obtained on active metals under galvano- 
static and potentiostatic operations should coincide, other things being equal. 


1.4. ATTACK OF EXTERNAL ANODIC CURRENT ON PASSIVE 
METALS 


Anodic polarization plots obtained on passive metals are characterized by 
three basic parameters: stationary potential E,, current density in a passive state, 
i», and potential at the beginning of the current proliferation, E, (Figure 1.4). 

A stationary potential (corrosion potential), E,, is established on the metal in the 
absence of external current action. Under anodic potentiostatic polarization of an 
initially passive metal (i.e., by an artificial shift of the metal potential to the positive 
side), the magnitude of the anodic current at the beginning is small. As some 
potential, E,, is attained, the current density practically stops to vary with the 
potential variation, or it varies very slowly. This is the current density of the passive 
state of the metal, i, (curve 1). However, when potential E, is reached, the current 
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Figure 1.4 Anodic polarization plot of a passive metal: 1— potentiostatic; 2— galvanostatic. 


density proliferates. This can be attributed to activation of the metal or the beginning 
of any other anodic process on the metal surface. 

Apparently, such a curve cannot be obtained by means of a galvanostat: as the 
prescribed current i, exceeds the value i, (i, > ip), the potential “falls” to the value 
which is close to or exceeds the value of the activation potential E,. Thus, precise values 
of i, and E, cannot be determined by the galvanostatic method. The polarization plots 
allowing determination of these parameters on a passive metal can be obtained only by 
using a potentiostatic method, or, at a smaller accuracy, by a potentiodynamic method. 

Thus, application of the potentiostatic method of investigation has made it 
possible to define areas of metal transition from the active to the passive state, as 
well as other major features of the electrochemical behavior of metals. 

One of the most widespread types of corrosion of passive metals is local, or 
pitting, corrosion. This consists of the formation of damages on the surface of 
passive metals in the form of pits penetrating into the depth of the metal. In a 
monograph [4], various theories of the occurrence and development of pitting 
corrosion are considered. On the basis of the accumulated experimental material, 
the majority of researchers came to the conclusion that the activation of a passive 
metal, leading to the development of pitting corrosion, is the result of the attain- 
ment by the metal of some critical potential. The value of this potential depends on 
the presence of activators in the solution. Haloid’s ions and, most often, chlor-ions, 
play the part of activators of pitting corrosion. 

As a critical potential, which is also named as the pitting or activation or 
breakdown potential, E,, is reached, on some “active centers,” where the protec- 
tive passive layer is most weakened (pores, defects, inclusions, mechanical damages, 
etc.), a critical concentration of ion-activators is attained. Adsorptive replacement 
of the passivating agent by ion-activators in the passive layer takes place at this 
concentration [5, 6]. Being first adsorbed at the active centers, ion activators then 
form soluble complexes with the metal. Not only does the concentration of the ion 
activators rise, but the pH value also decreases at the active centers (owing to higher 
anode currents in these centers and as a result of the hydrolysis of intermediate 
corrosion products). Therefore, the formed active centers can be maintained for a 
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long time. Under these conditions, the major share of the anodic current (internal 
current arising between the active centers and the other parts of the metal surface, 
or external current coming from an external source) will be spent for metal 
dissolution inside these centers. This causes the formation of local damage — pits 
on the metal surface. The area between the stationary (corrosion) potential, E,, and 
the activation potential, E,, where the passive state of the metal is maintained 
(specified by the low and little varying value of the current density, i,), is referred to 
as the passive field of the metal. 

The other cause of metal activation is its transpassivation — transition of the 
metal ions to a state of maximal valence. In this case, soluble metal compounds that 
do not possess protective properties are formed [7]. The phenomenon of transpas- 
sivation is observed, in particular, on iron under its anodic polarization in alkaline 
solutions, which promote the formation of soluble ferrates FeO, containing ions 
of six-valent iron. The formation of metal ions of maximal valence at the transpas- 
sivation potential has been confirmed in investigations on a rotating electrode with 
a ring of super-austenitic alloys $31254 and $32654 [8]. 

At the transpassivation potential, local corrosion of metals also develops. The 
processes of metal activation resulting from pitting and transpassivation (in the 
absence of ion activators in the solution) are similar in many respects [9]. It is 
suggested in one work [4] that the breakdown of the passive film in the area of the 
transpassivation could be connected with the participation of the oxygen of the 
oxide layer in the process of anodic oxygen evolution. 

When the environment does not contain ion activators and the metal is not 
prone to transpassivation, the potential of some passive metals can be shifted to the 
positive side by an anodic current, up to values of tens or even hundreds of volts. 
Metal activation can occur in these cases as a result of the electric breakdown of the 
passive film. 

The factors determining the resistance of passive metals against activation, in 
particular, against pitting corrosion, in the absence of the action of an external 
anodic current, and in the presence of such action, essentially differ. 

First, let us consider the possibility of the activation of a passive metal in the 
absence of an external current. If the field of passivity is small, the stationary metal 
potential can be shifted to the positive side, up to the value of the pitting potential, 
owing to various causes: contact with another, more positive metal; increase of the 
concentration of oxygen or of some other oxidizer in the solution; stirring of the 
solution that contains dissolved oxygen; and so forth. 

Increase of the chlor-ion concentration has a slight influence on the value of the 
metal potential, but narrows the passivity field, owing to a strong shifting of the 
pitting potential to the negative side. A rise in the temperature also leads to a 
decrease of the pitting potential. Therefore, metals such as aluminum and stainless 
steels are successfully applied in solutions with low concentration of chlorides, but 
are exposed to pitting corrosion at high concentrations of chlorides, especially at 
elevated temperatures. 

On certain areas of the metal, the pitting potential value can be shifted to the 
negative side, up to the value of the corrosion potential of the metal, as a result of casual 
mechanical damages on the metal surface, the occurrence of crevice effects (for 
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example, accumulation between the metal surface and a deposited layer of chlor-ions 
or of other aggressive components destroying the passive film) and so forth. In these 
cases, when the corrosion potential of the metal becomes equal to its pitting potential, 
the spontaneous occurrence and development of pitting corrosion occurs on the metal 
surface. On the polarization curve obtained on the metal which has undergone 
spontaneous activation, the passive field will be absent and the plot will have a form 
which is close to the one typical for initially active metals (see Figure 1.3). 

The more remote the corrosion potential of the metal from its activation 
potential, i.e., the longer the passive field of the metal, the less is the probability 
of its spontaneous activation [10]. Therefore, means of preventing the development 
of pitting corrosion are focused on increasing the pitting potential by metal alloy- 
ing, surface passivation or reducing the content of ion-activators in the solution 
[11]. Activation of the metal can also be prevented by artificial maintenance of the 
potential of the metal (by means of a potentiostat) at values which are more 
negative than its activation potential [11]. 

The magnitude of the current density in the passive state, i, is a less meaningful 
factor of the stability of the passive state of the metal in the absence of attack by an 
external current. The main role of this parameter is to indicate the stability of the 
stationary potential of the metal: the higher the value of i,, the less the fluctuations 
of E,. Owing to this, the probability decreases of the potentials E, and E, coming 
closer to each other in the absence of an external current. 

As noted, upon attack by an external current of density i, > i,, the potential of 
the metal “falls” in the field of active dissolution or the beginning of some other 
electrochemical process in connection with the anodic oxidation of the solution 
components on the metal surface (Figure 1.4). Which of these processes — metal 
activation or solution component oxidation — will proceed, in this case, on the 
metal surface depends on the properties of the passive film generated on the metal 
surface and on the relationship between the metal activation potential E, and the 
oxidation potential E,, of the solution components. When the passive layer 
possesses a high electronic conductivity, and the oxidation potential of the solution 
components on the metal surface is more negative than the activation potential of 
the metal in the given solution E,,.< E,, the metal will not corrode under the 
attack of an external anodic current. When a non-conductive (barrier to the current 
of the anodic direction) passive layer is formed, metal activation occurs as a result of 
the breakdown of this layer. In this case, the stability of the passive layer does not 
depend on the size of the passive field of the metal — the parameter that determines 
the metal stability in the absence of the external current. 

Thus, in the absence of an external current, the major parameters of metal 
stability are its activation potential and the size of the passive field. Under the attack 
of an external anodic current on a passive metal, the major parameters of its stability 
are the anodic conductivity of the passive layer and the compliance with potential 
relationship E,, < E,. These parameters are connected with the properties of both 
the passive metal and the aggressive medium contacting with it. 

There might be cases, when the anodic activation potential of the metal is close 
to, or coincides with, the oxidation potential of the solution components on the 
metal surface. These cases require special consideration. 
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1.5. ATTACK OF EXTERNAL ANODIC CURRENT ON 
THERMODYNAMICALLY STABLE METALS 


Platinum and metals of the platinum group possess thermodynamic stability in 
a wide range of potentials and pH’s of solutions. During anodic polarization of these 
metals, the major anodic process on which the main share of the anodic current is 
spent consists of the oxidation of the solution components on their surface. In 
chloride-containing aqueous solutions, the products of the oxidation are, according 
to the solution composition, oxygen, chlorine and compounds of oxygen and 
chlorine. It was noted that in a neutral, aerated solution, the equilibrium potential 
of oxygen evolution, in accordance with the reaction 


2H,O =O, + 4Ht +4e7 (1.8) 


is equal to 0.805 V. The value of the equilibrium potential of chlorine evolution by 
reaction 


2Cl =Cly + 2e7 (1.9) 


is More positive; it is equal to 1.33 V. Therefore, under the anodic polarization of 
platinum, oxygen evolution begins earlier than chlorine evolution. However, 
platinum is characterized by a high overvoltage of oxygen evolution and by a 
low overvoltage of chlorine evolution [12]. Owing to this feature of platinum, the 
quantity of oxygen evolving on its surface is low even at the potential of chlorine 
evolution, as seen from Figure 1.5. At the same time, at a small potential shift of 
platinum from the value of the equilibrium reaction (1.9) to the positive side, the 
rate of chlorine evolution proliferates. At a current density of 1000 A/m’, only 
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Figure 1.5 Partial anodic polarization plots of evolution on platinum surface: 1 — chlorine; 
2— oxygen [12]. 
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about 1% of the current is spent on oxygen evolution. Thus, the overvoltage value 
of the anodic oxidation of the solution compounds is an important parameter for 
thermodynamically stable metals. 

Owing to the thermodynamic stability, platinum and metals of the platinum 
group, particularly iridium, exhibit high corrosion stability under conditions of 
oxygen and chlorine evolution. Owing to these features, they are still widely used 
as coatings for commercial anodes in electrochemical plants and in systems of 
cathodic protection by an impressed current [13]. 


1.6. ATTACK OF EXTERNAL CATHODIC CURRENT ON METALS 


The metal connected to the negative pole of a direct current source 
receives an excess of electrons which shifts its potential to the negative side. 
Once the metal attains the reduction potential of any component contained in 
the electrolyte, a reaction of reduction of this component by the excess electrons 
becomes possible. 

As a rule, a cathodic current decreases the corrosion rate of an actively corroding 
metal. One of the most widely applied methods of metal protection from corrosion, 
cathodic protection, is based on this effect [14, 15]. The negative influence ofa cathodic 
current on the cathodic protection of carbon steel is mainly connected with the 
possibility of scaling of the coat from the surface of a protected metal at a high current 
density [15]. In weakly acidic media at elevated temperatures, the influence ofa cathodic 
current can initiate corrosion cracking of stressed structures of carbon steel [15]. 

At potentials of cathodic protection close to —850 mV, austenitic—ferritic stain- 
less steels (duplex and super-duplex) may be prone to hydrogen embrittlement in 
environments such as sea water [16]. However, when stresses on these steels are not 
too high, the risk of their embrittlement and cracking is extremely low, as their 
protective potential in sea water is much more positive (by about 500 mV) than the 
hydrogenation potential [17]. The probability of their embrittlement can be essen- 
tially lowered by the prevention of grain growth, which is especially important for 
welded seams, and by the creation of a structure containing no less than 50% of 
austenite [16], which is not prone to embrittlement and interferes with the pene- 
tration of hydrogen into the ferrite phase. 

Valve metals, titanium and tantalum, are prone to embrittlement, which occurs 
as a result of their hydrogenation under attack by a cathodic current [15, 18]. 

The influence of an external cathodic current can lead to a reduction of the 
passive film and to subsequent metal activation. Such an effect, designated as a 
negative protective effect, is possible, in particular, in the case of cathodic protec- 
tion of aluminum by an impressed current and also by its contact with magnesium 
anodes [19]. Corrosion of the aluminum can be attributed in this case not only to 
the reduction of the oxide film on its surface, but also to the secondary effect of 
cathodic current influence, which is expressed in alkalization of the solution near 
the aluminum surface. It is well known that in alkaline solutions, aluminum actively 
dissolves. 
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Thus, in general, the influence of a cathodic current on metals that are initially 
in an active state is to reduce their corrosion rate and is not dangerous for these 
metals. The influence of a cathodic current on passive metals can also provide 
protection from corrosion. However, an increase of the protective current above 
admissible values can lead to corrosion damage of the metals by reduction of the 
protective oxide layer by solution alkalization near the metal surface or by metal 
hydrogenation. The sensitivity of passive metals, such as aluminum and titanium, to 
the influence of the cathodic current is explained, first of all, by their thermo- 
dynamic instability. These metals are more active than carbon steel. Therefore, 
their corrosion stability is completely determined by the protective properties of the 
passive films formed on their surface. 

It is important to note, on the basis of the above, that there is a fundamental 
difference between the cathodic protection mechanisms of initially active and 
passive metals. Protection of initially active metals, such as carbon steel, in neutral 
solutions (fresh and sea water, ground, etc.) consists of shifting the metal potential 
from its stationary value to the value corresponding to its immunity potential (see 
Figure 1.1). At its stationary potential, unprotected steel dissolves at a significant 
rate, and for corrosion suppression it is necessary to impress on the metal an external 
cathodic current which considerably exceeds the magnitude of the corrosion current. 

In the cathodic protection of initially passive metals, a totally distinct challenge is 
posed: to prevent the metal potential from shifting from its stationary value to the 
value of the activation potential. When the anodic polarization curves of Figure 1.4 
were considered, it was noted that when the external anodic current density 
impressed on the metal exceeds the current density of a passive state (i, > ip), the 
potential of the metal shifts to the positive side, to the activation area, and attains a 
value that is more positive than the value of the activation potential E,. Conse- 
quently, when the external cathodic current density impressed on the metal exceeds 
i,, the potential of the metal shifts to the negative side and attains a value that is more 
negative than the stationary potential E,. The current density of a metal in a passive 
state, as a rule, is very small. Therefore, the challenge that is posed in the cathodic 
protection ofa passive metal is met by the impression ofa cathodic current ofa very small 
magnitude. Moreover, to exclude cathodic activation or hydrogenation of the metal at 
elevated negative potentials, the magnitude of the cathodic current must be limited. 

Researchers of the Norwegian company Corrocean [20, 21] made use of the 
above-specified feature of cathodic protection of passive metals. They developed a 
system for the cathodic protection of stainless steel structures in sea water using a 
cathodic current of a low density. For this purpose they used zinc anodes whose 
protective current had been sharply lowered by the installation of resistors between 
the anodes and the protected structures. The current density which was sufficient 
for the protection of such steels as duplex at room temperature, was in the order of 
magnitude of 1 mA/ m°. Asa result, the service life of the anodes increased, and the 
number of anodes per unit of length decreased to a great extent. The necessary 
protective current density for coated carbon steel under the same conditions is 
equal to about 10 mA/ m”, and for bare carbon steel attains 70 mA/m? or more; i.e., 
for carbon steel, the protection current is higher by about two orders of magnitude 
than for passive stainless steel [14, 15]. 
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1.7. ATTACK OF EXTERNAL ALTERNATING CURRENT ON METALS 


Data on the character of the action of alternating currents on metals are 
ambiguous. This is explained by the character of the influence of an alternating 
current which depends not only on its magnitude, but also on such parameters as 
frequency and amplitude. Moreover, various metals react differently to anodic and 
cathodic half-cycles of current. For example, it is noted that carbon steel dissolve 
during the action of anodic, and aluminum during cathodic, half-cycles of the 
alternating current [22]. Usually, an alternating current renders weaker corrosive attack 
on metal than direct current. At frequencies of 164 and 50 Hz, corrosion is observed 
only at a very high external current density [15]. In ref. [23], it is confirmed that cases of 
corrosion destruction of underground metal constructions under the action of an 
alternating current occur extremely seldomly. 

Taking into account the initial state of the metals explains much of the resulting 
data about the influence of an alternating current on metals. As noted, carbon steel is 
exposed to dissolution under the action of an anodic current, according to Faraday’s 
laws, and a cathodic current renders only a protective effect on it. Hence, this steel 
dissolves only during the moments of the influence of anodic half-cycles of current 
and it is protected during the moments of the influence of cathodic half-cycles. Even 
with such an estimation (without taking into account the after-effect of cathodic 
protection, which may take place as a result of the cathodic half-cycle action), the 
corrosion rate of carbon steel under the influence of an alternating current should be 
less than half that under the influence of a direct anodic current. 

Corrosive attack by cathodic half-cycles on aluminum is connected with the 
above-considered processes of passive film destruction on the metal by cathodic 
current. 


1.8. EXTERNAL CURRENT AS A FACTOR OF THE 
AGGRESSIVENESS OF THE ENVIRONMENT 


The influence of the external anodic current on a metal in an electrolyte 
solution is usually considered adequate for the creation of an electric contact with 
another, more electropositive metal, and also for the introduction of an oxidizer 
into the solution. In both of these cases, shifting of the metal potential to the 
positive side takes place. When the same potential values are reached under 
the influence of either of these two kinds of action, a similar corrosion behavior 
of the metal can be expected as a result. It is obvious that the effect of contact with a 
more electropositive metal immersed in the same electrolyte is similar to the 
influence of an external current. It is possible to measure the current passing 
between these metals and to equate it to the current from an external source. 
The less obvious analogy of oxidizer influence is proved in ref. [24]. It is shown 
there in that the dependence of the potential on the current density obtained in 1 N 
solution of sulfuric acid by potentiostatic polarization and by the introduction of 
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oxidizers of various strengths coincide. In one work [25], additional data on this 
account are cited, allowing the drawing of generalized conclusions on the role of 
oxidizers. The specific influence of oxidizers on the formation of passive layer on a 
metal, for example, upon their inclusion into the structure of this layer, can be 
considered an exception. 

Nevertheless, the specified analogy takes place only within certain limits. Upon 
contact with other metals, the metal electrode potential is limited by the value of 
the more electropositive metal. Upon the introduction of an oxidizer into the 
solution, the potential is determined by the oxidation—reduction potential of the 
solution containing this oxidizer. Unlike this, there are no limits on the influence of 
an external current, and the magnitude of the metal potential depends only on the 
magnitude of the external current. In principle, any high potential can be reached 
on a metal. Therefore, metals possessing high activation potential value can be 
subject to corrosion destruction under attack by an external anodic current. Owing 
to this qualitative difference, the external anodic current should be considered as 
the most dangerous factor of the aggressive of the environment. 

Potential variations at different surface areas of the metal structure, resulting 
from differential aeration, with distinctions in the surface state and so forth, are less 
significant. Even though they can cause intensive corrosion damage, their influence 
is less dangerous than the influence of the external anodic current. 

The aggressiveness of the external current is aggravated by its character of non- 
uniform distribution on the surface of metallic structures and the ability of the current 
to concentrate on metal areas with a weakened passive film or on defects in the coatings. 

The influence of an external cathodic current is similar, to a certain extent, to 
the effect of contact with a more electronegative metal. Owing to this similarity, 
protection by an impressed cathodic current and by contact with a more electro- 
negative material have the common name — cathodic protection. 

The reasoning on the limits of the change in the potential of the metal at its 
contact with another more electropositive metal is appropriate also to the case of 
metal activation as a result of contact with a more electronegative metal. It is 
obvious that the potential of the metal at its contact with a more electronegative 
metal cannot be more negative than the potential of the more electronegative 
metal. In this case also, the danger of corrosion damage caused by reduction of the 
passive film on the metal or by its hydrogenation, as a result of attack by an external 
cathodic current of unlimited magnitude, is considerably higher than which results 
from contact with a more electronegative metal. 
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2.1. MAIN MEDIA, SOURCES OF STRAY CURRENTS 
AND OBJECTS OF THEIR CORROSIVE ATTACK 


Electrocorrosion and the protection of metals under the conditions of attack 
by the external currents named stray currents on underground pipelines and con- 
structions, have been thoroughly studied. A vast amount of scientific knowledge 
and practical experience has accumulated in this field [1, 2]. 

Soil is the most widespread environment for attack on metals by stray currents. 
There are in the soil thousands of kilometers of pipelines for the most varied 
purposes: underground parts of gas and oil facilities, metal and reinforced 
concrete foundations of buildings and constructions, supports of power transmis- 
sion lines, etc. 

The most typical pH values of soil are close to neutral, but can vary from acid 
(pH 4.5-5.5) to alkaline (pH 7.5-8.5 and more). Acidic soils, below pH 4.5, and 
alkaline soils, above pH 8.5, are seldom met, and are a result, most probably, of 
pollution by waste generated by some manufacturers. 

Carbon steel is the basic structural metallic material for underground pipelines 
and constructions. As noted in the previous chapter, in environments that are close 
to neutral, with access to air, carbon steel is in an active state and corrodes with 
oxygen depolarization. 
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For underground constructions, general non-uniform corrosion is typical. In 
the absence of an external current, its average rate is nearly 0.2-0.4mm/year [3]. 
Factors such as the formation of macro-couples of differential aerations and 
concentrations (owing to unequal access to air at different parts of the construc- 
tions, or to differences in the composition and structure of the soils), crevice 
corrosion and the activity of various types of bacteria, strengthen the corrosion 
aggressiveness of soils. In addition, owing to the influence of the specified factors, 
corrosion can get a localised character. 

In this connection, regardless of the possible influence of stray currents, under- 
ground pipelines and constructions are supplied with means for protection against 
soil corrosion. The most widespread means of protection are anticorrosive coatings 
and cathodic protection. These can be applied separately or in combination (com- 
bined protection). 

The sources of stray currents are the lines of underground trams and electrified 
railways, as well as electric welding devices, installations of cathodic protection and 
other electric installations. Spreading in the ground, currents create electric fields at 
distances of tens of kilometers from their source. Therefore, they have received the 
name stray currents, reflecting the arbitrary character of their distribution over great 
distances. 

Factors of aggressiveness, such as acidity, the presence of oxidizers or activators 
and temperature, are considered when choosing materials and ways of protection, 
as these characteristics are usually known in advance. In contrast, attack by stray 
currents on the metal structure is not always expected, and consequently, it is not 
always taken into account. 

An illustration of stray current penetration to an underground pipeline from a 
railway or tram power line is given in Figure 2.1. In these lines, the rails are part of 
an electric circuit. At rail joints, where their electrical resistance is great, a part of 
the current flows down into the ground, choosing those directions with the least 
electrical resistance. Metallic pipelines and constructions in the ground are the best 
routes for current flow. When underground pipelines and constructions are insu- 
lated from the ground by means of various kinds of coatings, stray currents 
penetrate to the metallic pipelines and constructions through pores and defects in 
these coatings. 

Currents have a cathodic direction in the zones of penetration to the pipeline. 
In other zones, where there are also defects in the coating or the resistance between 
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Cathodic zone ——> Anodic zone 


Figure 2.1 Scheme of attack of an underground pipeline by stray currents. 
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the metal and the ground is lowered for any reason, currents flow down from the 
metal into the ground. In these zones, currents have an anodic direction. 

As stray currents are one of the most dangerous factors causing corrosion damage 
to metals, methods for their detection and control, as well as means of protection of 
constructions from their attack, are usually standardized and regulated [4]. 

The factors defining the corrosion rate of metals in seawater, in the absence of 
the influence of stray currents, are divided into chemical, physical and biological 
[5]. The content of dissolved oxygen and carbon dioxide, salinity (first of all, the 
content of chlorides) and pH of seawater comprise the chemical factors. The basic 
physical factors are electric conductivity, flow rate and temperature of the water. 
The biological factors influencing corrosion processes are concerned with the 
biological activity of living organisms, which is connected with absorption or 
evolution by these organisms of oxygen and carbonic acid, which can lead to 
metal fouling. All the specified factors are closely interconnected. pH values in 
the surface layers of seawater change within narrower limits than in the ground and 
are usually within the range of 7.5-8.5. The average value of water salinity in the 
three oceans (Pacific, Atlantic and Indian) and also in the seas adjacent to them is 
close to 35%o (35g in 1000 g of water). At such a salinity value, the content of 
chlor-ions in seawater reaches 20 g/kg. In more distant seas, the salinity of the water 
differs essentially from this value. Thus, in the Baltic Sea it is equal to 8%o, and in 
the Caspian Sea, 13%. Owing to the high content of mineral salts in seawater, its 
conductivity is high, reaching a value of 0.05 Q7'cm™', in ocean water at 20°C. 

In seawater, especially under intensive stirring, the conditions for the removal of 
corrosion products from the metal surface are more favorable than in ground. 
Owing to this, as well as the high conductivity and high content of chlorides, the 
corrosion rate of carbon steel in seawater is generally (in the absence of stray 
currents) greater than the corrosion rate in the ground. 

The occurrence of stray currents in seawater is much less probable than in the 
ground. A vessel can undergo corrosion by stray currents during welding work when 
the welder, a source of direct current, is located on the coast, its positive pole is 
connected to the vessel and its negative pole is connected to the welding rod [6, 7]. 
The influence of stray currents is especially dangerous when two or more vessels 
located near the coast are connected to such a circuit. As a stray current of significant 
magnitude passes between the vessels, this leads to the occurrence difference in the 
potential between them. If there are defects in the coating of the vessel’s hull, 
from where the current drains off into the water, a current of high density concen- 
trates in these defects and it causes an intensive corrosion of a local character. Owing 
to the large cross-section area of the water interposed between these two vessels and 
the high conductivity of seawater, it is impossible to prevent the occurrence of stray 
currents even by connecting the vessels with a copper wire with a large cross-section. 

Owing to the relatively low conductivity of fresh water, stray currents that can 
occur in fresh water from the same causes as in the sea are less dangerous, other 
things being equal. 

The most extensively used concrete, prepared on the basis of Portland cement 
with carbon steel reinforcement, has a high alkalinity (pH 13). At such pH 
values, the carbon steel reinforcement has a passive state in this concrete [8]. 
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In concrete, the humidity of which corresponds to the humidity of air, the steel 
reinforcement is minimally subject to corrosion in the absence of attack by an 
external current attack. 

Structures of reinforced concrete are applied in a wide range of objects that 
can be subjected to attack by stray currents. Amongst them are elements of 
buildings and constructions of electrochemical plants, supports of power trans- 
mission lines and other structures in contact with sources and conductors of 
electric current. 


2.2. METHODS OF DETECTION AND CONTROL 
OF STRAY CURRENTS 


Methods of current detection on pipelines and other underground metallic 
structures, to a significant extent, are based on measurements of voltage differ- 
ence between the structure and the ground [1]. The potential of the metal is 
measured with respect to a copper—copper sulfate reference electrode. The latest 
one consists of a cylindrical vessel filled with a saturated solution of copper 
sulfate into which a core of pure copper is immersed. At the bottom part of the 
vessel, there is a porous partition providing electric contact of the solution 
with the ground by pressing the electrode against the ground surface during 
the measurements. Millivoltmeters with a high input resistance are applied for 
the measurements. 

The average values of the potentials of metals measured against the copper— 
copper sulfate reference electrode in the ground, in the absence of attack by an 
external current, are as following: for carbon steel —0.55 V, for lead —0.48 V and 
for aluminum —0.7 V. 

On the basis of numerous measurements, the average values of the metal potentials 
of a structure are determined. Then, the difference can be found between the said 
average value and the metal potential in the ground at each measurement point. This 
allows the plotting of diagrams of the potential variation along the structure. Steady 
values of potential difference indicate the absence of stray currents. If the measured 
values of the potential difference varying by magnitude, and, especially, by magnitude 
and by polarity, this testifies to the presence of stray currents in the ground. The most 
dangerous zones of stray current influence are disposed in the field of jumps in the 
potential values. In these zones, the measured potential values are significantly more 
positive than their average values found in the absence of stray currents. Thus, 
the presence of anodic and sign-variable zones on underground metallic pipelines and 
other structures is taken to be a criterion of corrosion danger caused by stray currents. 

In the absence of extended metallic constructions in the ground, the detection 
of stray currents is carried out by measurements of the voltage difference between 
two points in the ground which are spaced 100m apart. These measurements are 
made with the help of copper—copper sulfate reference electrodes placed every 
1000 m in mutually perpendicular directions. For these measurements, millivolt- 
meters of high input resistance are also used. 
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Measurements of the potential shift of the metal along a construction in the 
areas of alternating current attack are also carried out with the help of copper— 
copper sulfate reference electrodes and magneto-electric system devices. In doing 
so, the stationary potential of the metal with respect to the reference electrode is 
balanced out by the inclusion of a counter electromotive force into the circuit. 

Measurements of the current strength and of the current direction on the 
extended pipeline and other constructions are carried out by the use of high- 
sensitivity millivoltmeters with scales of 1 and 10mV. The distances between the 
contact points of the millivoltmeter with the construction are 200-400 m, depend- 
ing on the distance between the control points or inspection chambers that are 
located along the construction. Using the measured data on the voltage drop at a 
given section, the resistance of which is known or can be calculated, the strength of 
the current flowing along the construction can be calculated using Ohm’s law. 

Owing to the labor input needed for works on the detection and control of stray 
current values, monitoring systems making use of zinc and other types of reference 
electrodes incorporated into the ground along the construction were proposed in 
Ref. [9]. Application of such systems demands significant expenses, but essentially 
reduces further labor input and raises the control reliability. 

The magnitude of the external anodic current density attacking the metal at 
some spot of current, draining off to the ground through a defect in the metal 
coating, depends on the following factors: the magnitude of the current that 
penetrates the construction, the character of the current distribution along the 
construction, the general number of defects in the coating and the surface area of 
the given defect. There are also other factors that cannot be controlled. 

In the city, branching in the city conditions of the rail network, which consists of 
interconnected closed and open contours, with much transport moving amongst them 
at varying speeds and loadings makes the system rails — ground—underground con- 
struction system extremely complex. Solving problems of the distribution of potentials 
and currents in such a system requires using a complex mathematical technique [10]. 

The danger assessment of corrosion attack by stray currents of bars in reinforced 
concrete structures is even more problematic [8]. In addition to the above-mentioned 
factors which complicate this problem, a number of new ones are added. Among them 
are the following: bars ramification of bars inside the concrete, impossibility of breaking 
off this reinforcement (which form closed circuits of metallic conductors inside the 
concrete) to measure stray current values, dependence of current distribution on the 
humidity of the concrete at different sites of the structure, etc. Therefore, the assess- 
ment of corrosion danger of the reinforcement by stray current attack has to be 
reduced to the revealing of the presence or absence of stray currents in the structure. 

In ref. [8] the magnitudes of the stationary (open circuit) potentials of 
reinforcement—ground and reinforcement—concrete, with respect to a copper— 
copper sulfate reference electrode, are given. These data were obtained as a result 
of a wide range of measurements (Table 2.1). 

If the measured values of the difference of the potentials fall outside the range 
specified in Table 2.1, this indicates the presence of stray currents. 

Thus, a quantitative estimation of the stray current value and, especially, of the 
current density that attacks the construction is far from being consistently achievable 
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Table 2.1 Ranges of difference in potentials of reinforcement—concrete and reinforcement- 
ground in the absence of stray currents 


Construction Measuring circuit Range of difference in potentials, V 
location (Cu/CuSO,) 
Above ground Reinforcement—ground —0.5 to 0 
Reinforcement—concrete —0.3 to 0 
Underground Reinforcement—ground —0.8 to —0.15 


in practice. As stray currents are revealed in the ground, it is necessary to 
undertake all possible measures for the maximal decrease of their magnitude 
and for the protection of underground constructions made of metal and of 
reinforced concrete against their corrosion attack. 


2.3. METAL CORROSION BY STRAY CURRENTS 


Construction areas from which stray currents drain off into the ground (i.e., 
metal areas attacked by anodic currents) are exposed to corrosion damage. Ions of 
metal bearing a positive charge are passed into electrolytes, which in the cases 
considered are ground, water or concrete. 

As iron and carbon steel are in ground and in water in an active state, the 
obtained anodic polarization curves have a form corresponding to the Taftel 
dependence, illustrated in Figure 1.3. The slope of the curve (i.e., the polarizability 
of the metal), obtained in ground, with other things being equal, will be steeper 
than that obtained in seawater. This is explained by the higher seawater conduc- 
tivity and the accumulation of corrosion products near the metal surface in ground, 
due to their complicated removal from the metal surface in this environment. 

On attack by stray currents of anodic direction, the corrosion rate of carbon 
steel both in ground and in seawater is defined by the magnitude of the anodic 
currents at the areas of their attack. Irrespective of the slope of the polarization 
curve, at potentials that are more negative than the potential of oxygen evolution, 
practically all the current which is draining off from the metal into the ground or 
into the water is spent on metal dissolution. 

According to Faraday’s law, a current flow of 1 A through a steel construction 
leads to the dissolution of 9.1kg/year of metal. Values of stray currents reach 
hundreds of amperes and are usually concentrated at areas of limited size. In this 
connection, the corrosion by stray currents has a local character and can proceed at 
very high rates which aggravate the danger of their attack. 

In some cases, it is difficult to determine from the character of the local metal 
corrosion, whether it is the result of the occurrence of macro-couples of differential 
aeration or the result of a stray-current attack. Extremely high corrosion rates 
can specify the attack by a stray current. This may exceed, by even ten times, 
the corrosion rate of carbon steel in ground in the absence of stray currents [10]. 
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In these cases, the soil corrosion can be neglected and only corrosion by stray 
currents needs to be considered. 

The corrosion rate of underground constructions in the areas of alternating 
current (a.c.) attack is usually lower than that in the areas of direct current (d.c.) 
attack. The sources of the a.c. are the rail transport working on a.c. and city electric 
systems with a ground neutral. During a.c. attack on an underground construction 
of carbon steel, dense corrosion products are formed, which reduces the corrosion 
rate at the attacked areas. However, an increase of the current density on other 
metal areas, where the layer of corrosion products was not formed, may lead to the 
development of local corrosion development along the structure. 

The corrosion rate of low-alloyed steels in the absence of stray current attack 
can be a little lower in some soils than the corrosion rate of carbon steel [3], but the 
attack by stray current levels off the advantages of these steels owing to the causes 
mentioned above. 

High-alloyed chrome and chrome-nickel stainless steels possess a high stability 
in soils. However, the presence of chlor-ions, especially in combination with the 
effect of differential aeration and other factors of soil aggressiveness, can become the 
cause of local corrosion development on stainless steels in soil. Considering the high 
cost of the stainless steels, their application as structural materials for underground 
constructions is avoided. 

Stainless steels 18-10 are prone to pitting corrosion in seawater. The penetration 
rate of pits into a steel that does not contain molybdenum, exceeds 3 mm/year, 
and with a molybdenum content of 3% decreases to about half that value [11]. In 
this connection, steels of type 18-8 are inapplicable in seawater. High-alloyed 
chrome-nickel stainless steels, with the addition of 3% of molybdenum and 
0.25% of nitrogen (super-duplex), possess a quite high stability in seawater in the 
absence of external current attack. However, as noted in Chapter 1, anodic current 
attack leads to pitting corrosion development, and hydrogen embrittlement of these 
steels is probable under cathodic protection — especially in zones of welded seams 
and thermal influence [12]. 

Aluminum and lead are used as materials for sheaths and armors of underground 
cables [13]. In the absence of stray currents in ground, the corrosion rate of these 
metals is significantly less than the corrosion rate of carbon steel, but this strongly 
depends on the composition and structure of the soil. For instance, with good air 
access to the metal surface, aluminum and its alloys possess high stability in neutral 
soils. With poor air access and a high chloride content in the soil, the local 
corrosion rate of aluminum can exceed the corrosion rate of carbon steel. 

Lead sheaths of cables possess the highest stability in environments containing 
chlorides — especially in the presence of sulfates, carbonates and silicates, which 
dense salt films on lead. However, in marshy soils with a high content of carbonic 
acid, the soluble bicarbonate of lead is formed on the lead surface, and the metal 
loses its corrosion stability. 

Under the attack of stray currents on aluminum and lead sheaths of cables, the 
influence of the structure and properties of the environment become minor, and the 
corrosion rate, as in the case of steel constructions, is determined by the magnitudes of 
the currents draining off from the metal into the ground. The influence of anodic 
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currents leads to the dissolution of lead at the boundaries of the grains. Therefore, the 
occurrence of intercrystalline corrosion of lead sheaths of cables can indicate the 
presence of stray currents in the ground [6]. 

As noted, currents of a cathodic direction, which take place at the areas of stray 
current transfer from the ground to the underground construction, do not exert 
corrosion attack on carbon steel, but can cause corrosion damage to aluminum 
sheaths of cables. As is apparent from the potential-pH diagram for aluminum (see 
Figure 1.2), aluminum oxide, providing a passive state to the metal, maintains 
stability at the range of values of pH 4-8. Under the influence of cathodic current, 
as a result of environmental alkalization near the metal surface, the pH value can be 
considerably above 8 in this zone. The area of aluminum immunity is disposed at 
potentials that are much more negative than the equilibrium potential of hydrogen 
evolution. Therefore, intensive corrosion of aluminum, with hydrogen depolariza- 
tion, is possible when its protective passive film is reduced by a cathodic current. 

The influence of a cathodic current on lead is less dangerous than on aluminum, 
though in this case corrosion of the lead, accompanied with plumbite formation, 
is possible. This compound hydrolyzes and forms red crystals of lead monoxide. 
The presence of such crystals on some areas of cables with a lead sheath is an 
indicator of the influence on these sites of stray currents of a cathodic direction [6]. 

The a.c. is much less dangerous than the d.c., not only for underground construc- 
tions from carbon steel, but also for lead cables. Corrosion losses caused by a.c. at the 
areas of steel constructions and of sheaths of lead cables are by two orders of magnitude 
lower than the losses caused by d.c. on these objects, other things being equal. At the 
same time, attack by a.c. on aluminum sheaths of cables can lead to their intensive 
corrosion damage. At a current density above 50 A/m* the corrosion damage caused 
by a.c. reaches 50% of the damage caused by d.c. of a similar magnitude [14]. 

Chloride-containing components are often added to concrete to increase its 
strength [6, 8]. Under frequent concrete humidification and a shift in its pH to 
neutral values, corrosion development of the reinforcement in chloride-containing 
concrete is possible, even in the absence of stray currents attack. In such an 
environment the carbon steel reinforcement loses its passive state. High humidity 
and the presence of chlorides raise the conductivity of the concrete and make it 
especially available to the penetration of stray currents [11]. During their attack on 
the actively corroding reinforcement, the current is almost completely spent on its 
dissolution. As a result of intensive corrosion of the reinforcement, fast destruction 
occurs of the reinforced concrete structures occurs [15]. 

The volume of the corrosion products more than twice exceeds the volume of 
the steel which has been transformed into these products by more than twice. 
Therefore, high internal stresses occur as a result of the corrosion of the reinforce- 
ment and this leads to cracking of the concrete and a sharp decrease in the strength 
of the structure. In addition, an electrolysis process caused inside the concrete by 
the attack of stray current leads to destruction of the concrete structure. According 
to data given in ref. [8], destruction of a concrete structure by a current of high 
density occurs even in dry concrete. At anodic current densities of 3-4 mA/cm* on 
the reinforcement, cracks in concrete appear after 4-5 days and at current densities 
of 0.2-0.3 mA/cm” they appear after 25-30 days. 
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According to ref. [16], the influence of an external current raises the degree of 
localization of corrosion damage. For example, after six years of reinforcement testing 
in humidified concrete containing 3% CaCh, the ratio of maximal corrosion rate of 
reinforcement (1.2mm) to its average corrosion rate (0.26mm) was equal to ~5. 
After testing under attack by an external anodic current, this ratio increased to 20. 


2.4. PROTECTION OF METALS AGAINST CORROSION 
ATTACK BY STRAY CURRENTS 


2.4.1. Measures for reducing stray currents 


Measures for diminishing stray current penetration to underground constructions 
should be provided at the initial stage of design. Constructions should be located as 
far as possible from stray currents sources — lines of electrified railway transport and 
high-voltage power lines. The routes of these constructions should pass through 
areas of minimal ground humidity and should cross the said lines as little as possible; 
the angles corners of their crossings should be close to 90°. 

According to existing standards, rails should be bedded in broken stone, gravel 
or other equivalent (regarding their insulating properties) ballast. Wooden ties must 
be impregnated with non-conductive oil antiseptics. At the time of application of 
ties of reinforced concrete, it is necessary to insulate them from the rails. The higher 
the contact resistance between the rails and the ground and the less the longitudinal 
resistance of the rail joints, the lower are the leakage currents from the railway into 
the ground. Reduction of the longitudinal resistance is attained by the connection 
of adjacent joints using flexible copper wire or other conductors. 

The most important component of the protection of underground construc- 
tions is their insulation from the ground. The higher the construction—ground 
resistance (i.e., the better the quality of the insulating coating of the construction), 
the smaller the stray current magnitudes penetrating to the construction. Quality 
insulation of underground constructions is capable of diminishing by hundreds of 
times the magnitude of currents reaching the construction. 

It is impossible to completely exclude defects in the coatings of extended 
constructions in practice. Therefore, alongside the application of insulating coat- 
ings, the longitudinal resistance of pipelines is increased, to decrease the magnitude 
of stray currents getting to them [10]. For this purpose, electric sectionalization of 
pipelines is executed [17]. This consists of the application of insulating flanges and 
the insertion of insulating material into the pipelines. In this way, it is possible to 
significantly lower the magnitude of the current on the pipeline. However, along 
with decrease of the current size, the number of anodic zones, where the current is 
draining off from the pipeline into the ground, increases. This number is equal to 
the number of sections breaking the current flow along the pipeline. Therefore, 
sectionalization is usually carried out together with the application of grounded 
current taps [18]. Magnesium or zinc anodes can be used as current taps. Along 
with current tapping, these anodes provide cathodic protection of the pipeline at 
the areas of current drain off into the ground. In addition, the application of current 
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taps protects pipelines from breakdown of the insulation in the case of high-voltage 
action — in particular, when lightning strikes. Shunts with variable resistance, as well 
as diodes providing unidirectional current flow, can be installed between insulating 
flanges to regulate the magnitude of the current flowing along the pipeline [19]. 

For the protection of telecommunication and underwater cables bedded on the sea- 
bottom, grounding anodes mounted at the ends of cables are also applied [20]. The sizes 
of the current flowing along telecommunication cables are nearly 1 A, and the ground- 
ing does not require special safety measures. At the same time, upon the installation of 
the grounding near power cables, where the current strength attains several hundreds of 
amperes, it is necessary to locate the adjacent underwater constructions as far as possible 
from the cable. 

Prevention of the occurrence of stray currents that attack the hulls of ships 
during welding operations is achieved by separation of the electric circuit schemes 
in which ships and seawater are participating [6]. 

Special standards exist for determining the stray current reduction measures in 
the reinforced concrete structures of electrochemical plants of the chemical and 
metallurgic branches of industry. Electrolyzers and bus ducts are the major stray 
current sources in these plants. Overlaps, platforms for the maintenance of electro- 
lyzers, columns and beams for supporting bus ducts, as well as underground 
structures of reinforced concrete, are the objects of the attack by stray currents. 

To reduce stray-current penetration to structures of reinforced concrete, stan- 
dards forbid the application in electrochemical plants of materials that are capable of 
absorbing moisture (concrete, non-glazed porcelain, ceramics, etc.) without special 
treatment by water-repellent and insulating compositions. 

The reduction of stray currents can be achieved by sectionalization, which in 
this case consists of insulating seams forming at overlaps, platforms for the main- 
tenance of electrolyzers and underground structures of reinforced concrete. Over- 
laps for the installation of electrolyzers should be separated by insulation seams from 
adjoining walls, columns and other elements of the building. 

Polymer—concrete compounds have to be applied for constructions that are 
located close to the current sources in electrochemical plants. 

To prevent current draining off from the reinforcement into the concrete, it is 
necessary to insulate concrete foundations by painting, by insulating coatings or by 
using insulating concretes. 

For specific purposes, it can be of interest to apply polymer—lime-concrete 
compound with the addition of 0.5—0.7% furfuryl alcohol. This material possesses 
the ability of self-packing on contact with an acidic environment [21]. Researchers 
have shown that when an anodic current is imposed on steel bars immersed into this 
compound, acidification and self-packing of the concrete layer adjacent to the bar 
surface take place. As a result, the magnitude of the current that drains off from the 
into the concrete sharply decreases. 


2.4.2. Protection of underground structures by electrodrainage 


Electrodrainage protection is the basic method for the protection of underground 
construction from the corrosion attack by stray currents [1, 7, 10, 17]. It is intended 
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for the elimination of anodic zones from underground constructions by stray- 
current drainage to its source. On the lines of electrified transport, it is carried 
out by an electric connection of the underground construction with the negative 
bus of a traction substation or with a section of the rail circuit. 

Connection of the underground construction directly to a current source or to 
the rails is referred to as a direct electric drainage. This is applied when there is no 
danger of current running off from the rails to the underground construction. 

If the potential difference between the construction and the rail is sign-variable 
or positive, a polarized relay or a valve device is installed on the line of construction 
connecting to the rail circuit, and current passes through it only in one direction: 
from the construction to the rails. Such a type of the electric drainage is referred to 
as polarized drainage. 

When there are several current sources in the area of the location of the 
underground construction, polarized drainage does not provide complete elimina- 
tion of the anodic zones from this construction. In this case, protection by means of 
reinforced drainage is carried out, comprising a combination of polarized drainage 
and an cathodic protection by an impressed current. The negative pole of a direct- 
current source (a station of cathodic protection) is connected to the underground 
construction, and the positive pole is connected to the electrified paths, which are 
the sources of the stray current. Such protection plays the role of polarized drainage 
since the current is passing in only one direction. When the potential of the railway 
section reaches a value which is positive with respect to the potential value of the 
closest part of the protected underground construction, the installation provides 
cathodic protection to the construction in which the rails serve as the grounding. 
The shortcomings of reinforced drainage which limit its application are related to 
the increased wear of the rails used as the grounding and the increased energy 
consumption for this kind of protection. 


2.4.3. Cathodic protection 


As carbon steel in ground and in water has an active state, and coatings cannot 
provide complete protection from corrosion in these environments, corrosion 
prevention of underground and underwater constructions is usually carried out 
by cathodic protection, irrespective of the presence or absence of stray currents in 
the area where the construction is located. At the same time, at the stage of design 
of the cathodic protection, it is necessary to consider data about the presence of 
stray currents [7, 22]. 

Cathodic protection of aluminum sheaths of cables in areas of alternating 
current attack is inapplicable [23]. Added to the cathodic component of an alter- 
nating current, the cathodic protection current can lead to activation and acceler- 
ated corrosion of aluminum. The basic method for the protection of aluminum 
sheaths of cables is their reliable insulation from contact with the environment. 

The materials applied for manufacturing grounding anodes in cathodic protec- 
tion by an impressed current are characterized by their wide variety. Steel scrap is 
sometimes used for this purpose, since its application is attractive because of its low 
cost [7]. Steel anodes dissolution at current outputs is close to 100%. In this 
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connection, steel grounding anodes, designed for a long-term service life, should 
have a maximal weight. 

Graphite is a fairly inexpensive and stable anode material. Its major limitation is 
its low mechanical strength. 

Grounding anodes made from silicon cast iron, fairly inexpensive material 
comprising an alloy of iron with ~15% silicon, are the most widely applied [7]. 
Because of the formation of a silicon dioxide passive film on its surface, this alloy 
maintains a very high stability under the conditions of anodic polarization at 
current densities up to 50A/m*. The anodic current is mainly spent on this 
material for oxygen evolution. However, during chlorine evolution the passive 
film of the silicon cast iron fails, and it starts to dissolve actively. Therefore, anodes 
of silicon cast iron are applied in environments with a low content of chlorides, 
such as soil and fresh water. 

When grounding anode’s for high current densities are required, titanium 
anodes with coatings based on platinum group metals (platinum, iridium) [7, 24] 
and on metal-oxide compounds, such as ruthenium/titanium oxides [25], and 
ceramic mixed metal oxide (MMO) anodes are applied [26]. 

The properties of anode materials are considered in more detail in Chapter 11. 
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3.1. GENERAL CHARACTERISTICS OF ELECTROCHEMICAL 
PLANTS 


Electrochemical plants, as well as other chemical plants, are characterized by 
the high aggressiveness of reacting solutions and, in this connection, by the 
necessity of using equipment and pipelines made of materials of high corrosion 
resistance. A basic feature of the operating conditions of metallic equipment in 
electrochemical plants is the high probability of corrosion attack on this equipments 
by leakage currents coming from electrolytic baths (electrolyzers). 

Despite the variety of electrochemical plants and operating conditions of the 
technological equipment and pipelines, they all have basic general features that 
allow the development of general approaches to solving problems connected with 
electrocorrosion and the protection of the metallic equipment in these plants. 

The basic element of any electrochemical plant is the electrolyzer. The voltage 
of one electrolyzer or of one bipolar electrolyzer cell lies in the range of several 
tenths of a volt to several volts. For example, in nickel and copper electrolysis 
plants, the voltages of the electrolyzers are equal, respectively, to 0.2—0.4 and nearly 
3V [1, 2], and in the electrochemical synthesis of organic compounds the voltage of 
an electrolyzer exceeds 10 V in some cases [3]. 

In most cases, the central part of a large electrochemical plant consists of one, or 
several, electric circuits made of tens or even hundreds of electrolyzers or bipolar 
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electrolyzer cells. A set of electrolyzers connected in series, fed from one source of 
current, will be hereinafter called a “set.” The voltage V on the terminals of a 
rectifier feeding one set of electrolyzers is 


V=0N, (3.1) 


where N is the number of electrolyzers in a set and v is the voltage of one 
electrolyzer. 

According to expression (3.1), the potentials of electrolyzers with respect to the 
grounding vary linearly. On marginal electrolyzers, at positive and negative poles of 
the rectifier, the potentials are equal, respectively, to V/2 and — V/2. The middle of 
the set, where the potential is equal to zero, is called the zero point. 

In modern electrochemical plants, the magnitude of the electrolysis currents 
reaches tens, and, in some cases, hundreds of thousand of amperes. A tendency of 
growth in the electrolysis current strength is observed, first of all, as a result of an 
increase in the current density on the electrodes. This tendency exists owing to the 
application of advanced materials for producing the electrodes and also to an increase 
their working surface area. 

Most electrolysis processes are continuous. Centralized feeding of the electrolyte 
into the electrolytic baths and tapping of the electrolysis products are carried out 
through technological pipelines (headers) connected, along their full length, with each 
of the baths by individual tubes. The piping distribution system of an electrochemical 
plant includes a general header for all the technological lines and sets, and group 
headers for sets and groups, or blocks, of electrolyzers. Along with the electrolyzers 
and pipelines in electrochemical plants, there is other equipment connected through 
the electrolyte with headers: valves, pressure tanks, receivers, heat exchangers for 
heating or cooling the electrolytes and electrolysis products, pumps, etc. 

There are various types of arrangement schemes of the electrolyzers by groups 
and by sets. In each specific case, optimal schemes are chosen [4, 5], which depend 
on the type of electrochemical plant, applied rectifiers and electrolyzers, etc., but 
which can differ even for the same type of plants. In the diaphragm electrolysis 
plants of Russian chlor-alkali manufactures, the electrolyzers are usually collected in 
sets of approximately 120 baths, based on the rated voltage of the rectifiers. At the 
same time, a set can consist of various numbers of groups of electrolyzers. 

As an example, a typical scheme of two sets of electrolyzers is presented 
in Figure 3.1 for a plant for the diaphragm electrolysis of sodium salt solutions at 
one of the chlor-alkali manufacturers. Each of the sets includes four groups of 
electrolyzers, 29 electrolyzers per group. The zero point in a set is accounted for by 
the 58th electrolyzer. In Figure 3.1 only the brine distribution line (electrolyte feed 
the electrolysis process) is given. 

Schemes of the distribution of technological pipelines for electrolyte feeding 
and for electrolysis product tapping are usually similar; they differ only in some 
details. A classification of schemes of the most-often-applied types of pipelines 
arrangement, pressure tanks and receivers inside a set of electrolyzers is given in 
some articles [4, 5]. Such arrangements are, in principle, common for such diverse 
plants as those for the electrolysis of sodium salt solutions (chlor-alkali electrolysis) 
and for copper electrorefining. 
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Figure 3.1 Example of a scheme of distribution of electrolyzers by groups and sets in chlor- 
alkali electrolysis plants. 


Thus, the common feature of electrochemical plants is that for a connecting 
electric series of electrolyzers in a set, parallel systems exist of pipelines transporting 
the electrolyte to the electrolyzers and for tapping electrolysis products. With respect 
to a set of electrolyzers, these systems form parallel electric circuits in which a part of 
the industrial electrolysis current inevitably branches off; even in cases when the 
systems of pipelines are made entirely completely of non-conductive materials. 


3.2. LEAKAGE CURRENTS IN ELECTROCHEMICAL PLANTS 


3.2.1. Sources of leakage currents, concepts and problems 
connected with them 


The term “leakage current” can be defined as the current lost at its source and 
penetrating the above-mentioned parallel circuit. In electrochemical plants, the 
leakage current enters the equipment and pipelines located in proximity to the 
electrolyzers, which are the sources of this current. This term is also used to refer to 
sources and consumers of current, such as high-voltage batteries [6, 7] and lines of 
electrified railways [8]. 

The pipes that connect group headers with each of the electrolyzers are always 
made of a non-conductive material [9]. This enables the reduction of leakage 
currents to pipelines and prevents short circuits between adjacent electrolyzers. 
As these pipes have a relatively small diameter (50-100 mm) and length (up to 
several meters), the selection of materials for their manufacture does not involve 
any difficulties. In some cases, when the destruction of several pipes occurs as a 
result of mechanical damage or attack by aggressive media, they can be replaced 
easily without an outage of other electrolyzers in the group. 

The reduction of leakage current penetration to group, set and general metallic 
headers is achieved by the installation of insulating inserts or by electric insulation of 
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Figure 3.2 Areas of attack by leakage currents of anodic (A) and of cathodic (C) directions of 
elements of metallic equipment in a set of electrolyzers: 1 — electrolyzers; 2 — metallic covers; 
3 — tubes of non-conductive material; 4 — metallic pipe branches (nozzles); 5 — group header; 
6— insulating insert. 


adjacent pipes at their flange joints. In this case, as well as in the case of the electric 
sectionalization of underground pipelines, at the areas of metallic path breaks, the 
current leaks from the metal into the electrolyte or it leaks in from the electrolyte 
onto the metal (Figure 3.2). 

It is important to note that, unlike in the case of stray currents, the attacked areas 
of the metallic structure by leakage currents and the directions of these currents, in 
the majority of cases, can be predetermined. This determination proceeds from the 
disposition and arrangement of the elements of the equipment and of the pipelines 
(made of conductive and non-conductive materials) with respect to the poles of the 
current sources. For instance, in Figure 3.2, for a given disposition of current source 
poles in a set of electrolyzers, the directions of leakage currents and areas of their 
attack are shown by the arrows. Leakage currents of the anodic (A) and of cathodic 
(C) directions attack the metallic headers at both sides of the insulating inserts and 
the metallic nozzles of the headers and electrolyzer covers. 

The first data on leakage current penetration to the equipment and technological 
pipelines of electrochemical plants appeared in works of the 1930s [10-12]. Since the 
1950s and 1960s, regular researches connected with this problem were conducted. 
Methods for the measurement of leakage currents were developed. These methods 
were used for studies of leakage current distribution along sets of electrolyzers in 
electrochemical plants in fields such as non-ferrous metallurgy [4, 13-15] and chemistry 
[5, 16-19]. The main purpose of these works was to estimate possible electric power 
losses in connection with leakage currents. In accordance with the problem statement 
and with the methods of its solution, specific works were mainly of an electro-technical 
character. The major paths of leakage currents coming from the electrolyzers were 
revealed. Along with the technological pipelines and equipment, electrolyzer and bus 
supports belong to such paths [4, 5, 20]. However, it was shown that the main share of 
the leakage currents penetrated just to the pipelines and equipment. 

For example, according to Troyanovsky [13], about 80% of all leakage currents in a 
zinc electrolysis shop were accounted for by technological pipelines. Electric power 
losses in one set of this shop in the 1950s already exceeded 200,000 kW per year [13, 20]. 
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The development and improvement of technological processes and of construction- 
related and technical characteristics of electrolyzer, as well as the increased volumes 
and capacities of electrochemical plants, required a sharp increase in the electrolysis 
current strength. This resulted, in turn, in an increase of leakage currents. Moreover, 
other things being equal, the magnitude of the leakage currents is proportional to the 
number of electrolyzers or cells connected in series, squared [21]. This number 
increases with the growth in capacity of the electrochemical plants. All these factors 
lead to an intensive growth of leakage currents. 

The potential danger of metal corrosion by the attack of leakage currents was 
already indicated in early works [12, 22]. This problem has increased sharply in 
connection with the beginning of the wide application of titanium and other 
expensive and scarce metals in electrochemical plants of the chemical industry and 
non ferrous metallurgy. There became a situation in which the cost of corrosion 
damage caused by leakage currents often significantly surpassed the cost connected 
with energy losses. 


3.2.2. Methods of measuring and controlling leakage currents 


Research of the corrosion danger by stray currents to underground and underwater 
pipelines and constructions consists, first of all, on the detection of their presence or 
absence in the construction. In electrochemical plants, where the leakage currents 
are irremovable, the purpose of the researches is not the detection of leakage 
currents, but the obtaining of quantitative characteristics of their magnitudes and 
their distribution. 

To corrosion by stray currents are exposed, as a rule, the external surfaces of 
pipelines and constructions, whereas in electrochemical plants the leakage currents 
mainly attack the internal surfaces of pipelines and equipment. For this reason, 
methods of measurement and control of leakage currents in electrochemical plants 
essentially differ from methods that are applied for stray current measurements. 

A number of experimental-design methods for the measurement of leakage 
current magnitudes have been based on the fact that the magnitude of the industrial 
electrolysis current in a set of electrolyzers is known, and it is possible to define the 
resistance of a parallel electric circuit to which leakage currents are flowing. For 
example, in work [23] a procedure has been described based on “current locations.” 
It consists of successive current measurements after each bath or after blocks of 
baths. Owing to the branching of a part of a current (J;) in a lateral circuit of the ith 
block, a current after this block (I,,) is slightly weaker than the nominal value [,. 
Thus, a current from the ith block of baths is 


vf = Iy — yi (3:2) 


By means of this procedure, the presence of leakage currents was detected and their 
order of magnitude and even the character of their distribution were estimated in a 
nickel electrolysis plant. However, the leakage current J, calculated as the difference 
between the industrial currents [,, and [,;, is by some orders of magnitude weaker 
than the industrial currents. This explains the low accuracy of such estimations. 
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On the other hand, the fact that it is possible to define J; based on I, and [,;, which 
can attain even a thousand amperes, specifies by itself the high values of the leakage 
currents and indicates the high danger of their corrosion attack on metals. 

An experimental-design procedure based on the principle of “voltmeter and 
shunt” was proposed in work [13]. This procedure enables the carrying out of more 
precise measurements of leakage currents from electrolyzers and definition of the 
character of their distribution along a set of electrolyzers. However, in these 
measurements, the assumption was made of the maintenance of the current sym- 
metry with respect to zero point when a shunt is inserted into the circuit. More- 
over, it was assumed that there is no interaction between the leakage currents 
flowing to the piping and to the ground. Therefore, the data obtained by this 
procedure are not sufficiently authentic. 

Values of the total leakage currents flowing to the communication lines and to the 
ground have also been obtained in a zinc electrolysis plant [14]. These data are of 
interest for an assessment of energy losses, but they do not allow the assessment of the 
danger of corrosion attack by leakage currents to metallic pipelines and equipment. 

Technological pipelines that consist of group and set headers connected by 
general headers of various diameters filled with electrolyte, represent, to varying 
degrees, an extremely complex system for electrical calculation of leakage current 
values. Therefore, when designing equivalent electric circuits, it is necessary to 
make assumptions in order to simplify the calculations. Thus, magnitudes of 
resistance between all electrolyzers and headers are assumed to be constant and 
equal. In the experimental-design procedures that were considered above, the 
resistance of the metallic headers was ignored. 

In works [4, 5, 24, 25], analytical methods have been developed for the 
determination of magnitudes and the distribution character of the leakage currents 
using equivalent electric schemes. Also, in these cases, it was assumed that the 
resistances of all the pipes connecting the electrolyzers with headers were equal, and 
the resistances along the headers were assumed to vary linearly from one bath to 
another, in proportion to the length of the headers. The latter assumption implies 
that the diameter of the pipeline and the level of electrolyte in it were constant, and 
that the pipeline was made of a non-conductive material. 

With the equivalent scheme constructed on the basis of the specific assumptions 
and represented by a number of resistors connected in series or in parallel, the 
magnitudes and distribution of leakage currents along a set of electrolyzers are 
calculated, using Ohm’s and Kirchhoff’s laws. 

In practice, group and general headers are of various diameters and they are 
filled with electrolyte to various levels. Therefore, the resistance variation along the 
headers has a non-linear character. 

It is especially difficult to obtain an equivalent electric scheme for a techno- 
logical line in which a group or general headers are made partially or completely 
of metal. In this case, along with the Ohmic electrolyte resistances inside the 
pipeline sections made of non-conductive material, polarization resistances must 
be taken into account at the areas of metal attacked by leakage currents of anodic 
and cathodic directions. For example, as seen in Figure 3.2, one half of the nozzles 
of a metallic header are attacked by anodic currents and the other half, by cathodic 
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currents. Areas of a metallic header that are adjacent to the ends of the insulating 
insert are also attacked by leakage currents of opposing directions. As anodic and 
cathodic characteristics of metals are not symmetric, polarization resistances of 
anodic and cathodic areas are not equal. Moreover, polarization characteristics 
vary according to the value of the external current. In the majority of cases, the 
polarization characteristics of metals have complex relationships, since with varying 
current values, the metal potential shifts to the areas where electrochemical pro- 
cesses of a different nature are proceeding. Owing to this, Ohm’s and Kirchhoff 
laws cannot be used to evaluate such systems. Refs. [21, 26] propose the use of 
models of electric circuits in which, along with resistors, Zener diodes are included. 
These diodes simulate polarizing characteristics that are similar to the Taftel depen- 
dence, which enables a more accurate estimate of the values and distribution 
character of leakage currents. However, the problem of producing an authentic 
model has still not been solved conclusively, owing to significant differences in the 
polarization characteristics of metals in areas of different potentials. 

Alongside the analytical and experimental-design methods, instrumental methods 
of monitoring the leakage current were developed. Regular measurements of the 
magnitudes of the leakage currents at the areas of their attack on a metal structure 
along a set of electrolyzers gave statistical data about their distribution laws. 

One of the instrumental methods used for the measurement of leakage currents is 
the double probe method [27]. This consists of the determination of the voltage 
between two identical electrodes introduced into the electrical field of the electrolyte. 
Various modifications of double probes have been used to measure leakage currents 
on pipelines. Lead electrodes were used as probes in zinc electrolysis plants [14]. 
In chlor-alkali plants, Ag/AgCl reference electrodes were applied as probes [28]. 
The double probe method is quite simple, but carrying out the measurement 
requires access into the pipeline or vessel, which is far from being always possible. 
Moreover, calibration of the probes must be carried out before each set of 
measurements. 

These limitations are absent in a magneto-electric device developed especially for 
the measurement of leakage currents in pipelines and jets of electrolyte in electro- 
chemical plants [29]. The device has a pickup in the form of one-piece ring (for 
measurement in jets) or a knock-down ring, consisting of two identical semi-rings 
(for measurement in pipelines). The rings surround the section to be measured. The 
pickup is supplied with a powerful Permalloy screen which decreases the effect of noise 
from the external electromagnetic fields, which are always present in electrolysis plants. 

The double probe method allows the measurement of only the current values 
flowing in the electrolyte. Therefore it can be applied only for the measurement of 
leakage currents in pipelines made of a non-conductive material. By means of this 
magneto electric device, it is possible to obtain data about the total current value in 
a metal and electrolyte at the measured section, and it can be applied for measure- 
ments on piping of any material. 

By means of specific devices, regular measurements of the leakage currents in 
jets of electrolyte and pipelines in a great number of electrochemical plants in the 
chemical industry and in non-ferrous metallurgy were carried out. Thus, the 
regularities of leakage current distribution along sets of electrolyzers were revealed. 
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One limitation of the considered device is the necessity of using a ring-shaped 
pickup with an internal diameter corresponding to the diameter of the pipe, for 
each pipe diameter at which the measurements are carried out. Moreover, the 
device is not able to measure leakage currents in the order of magnitude of tenths of 
an ampere, since the noise from the external electric fields is comparable with the 
measured currents. Leakage currents of such an order of magnitude are insignificant 
when energy losses are determined, but they are significant in the estimation of 
possible corrosion damage. 

For estimating the danger of corrosion attack by leakage currents on metallic 
pipelines or on elements of equipment, it is most expedient to measure the currents 
directly at the areas of their path interruption in the metal structure, because it is just 
in these areas that currents exert corrosion attack on metal. 

These measurements can be carried out by the usual electrical measuring instru- 
ments, such as a multirange millivoltammeter for direct current, supplied with a screen 
for protection from the influence of the electric fields from the electrolyzers [30]. 
On metallic piping, the measurements are carried out by contacting the instrument’s 
terminals with the opposite sides of the metallic section at which the current inter- 
ruption is executed (Figure 3.3). If there is no current interruption at this section, for 
example, at a flange joint, it is easy to do this by insulating the connecting bolts from 
the flanges by bushes and washers of insulating material. 

The authenticity of the current values found by this method is verified by 
measurements based on the above-mentioned “voltmeter and shunt” technique. 
For this purpose, the measuring instrument is connected as a voltmeter and the 
value of the instrument input resistance is taken into account. Measurements are 
carried out with an inserted shunt and without a shunt, connecting the terminals of 
the instrument to the same section of the pipeline (see Figure 3.3). 

At the pipeline section of interest, 1, where the electrolyte resistance, R., is 
unknown, a drop of the voltage, AVo, at the insulation gasket, 2, resulting from the 
passage of a leakage current, [,, is measured. After that, a shunt of a designated 
resistance, Ry, is introduced in parallel with the measurement instrument, 3, and a 
new value of the voltage drop, AV, is measured. 


Figure 3.3 Measurement of leakage current in electrolyte at a section of current interruption 
by means of electrical measuring instrument (explanations are given in the text). 
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As the shunt resistance R, is negligible compared with the total electrolyte 
resistance in the pipe, the current leakage along the pipe does not change signifi- 
cantly due to the introduction of the shunt. Therefore 


ad a a (3.3) 


is the total resistance at the 


where, in accordance with Kirchhoff’s law, R. = a La 
measured section when the shunt with resistance R, is included. Substituting R,. 


into equation (3.3) solves 


(3.4) 


AV 
Ra=Ri( Se = i) (3.5) 


When the measurements are carried out by means of a variable resistance, it is most 
convenient to select the value of R; at which AV; =0.5 AV». In this case 


_ AY 


i= 
Ri 


(3.6) 
and Ry = R,. 

When leakage currents measured by an ammeter and by the “voltmeter and 
shunt” are close to one another (for example, within the limits of 15%), they can be 
considered as sufficiently authentic. The proximity of these values testifies that the 
influence of the metal polarization resistance and of the measuring instrument 
resistance is insignificant. 


‘ 


3.2.3. Magnitudes and distribution regularity of leakage currents 
along the lines of electrochemical cells 


The considered methods of leakage current monitoring enabled the measurement 
of currents in jets of electrolyte, in branches that connect electrolyzers with group 
headers, and along group and general headers of technological lines of different 
types of electrochemical plants [4, 5, 31, 32]. The magnitudes of the leakage 
currents and the regularity of their distribution on pipelines made of non- 
conductive materials along sets of electrolyzers, were determined. The dependences 
of the magnitudes and distribution characters of these currents on the arrangement 
schemes of the electrolyzers were also studied. In all cases, the leakage currents 
decreased from the margin to the middle (zero point) of the electrolyzer set and 
current reversal took place beyond the zero point. At the same time, jumps of local 
currents at some branches connecting electrolyzers with group headers were 
observed in chlor-alkali diaphragm electrolysis plants. Current values in branches 
of brine lines of marginal electrolyzers in sets of these plants attained 0.5—0.8 A, and 
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along marginal group headers the currents reached 2.2 A. From later data [33], in a 
set that consisted of 240 cells, leakage currents in jets reached 28 A, and along group 
headers they exceeded 40 A. 

Leakage currents in branches of electrolyte lines feeding the baths in a copper 
electrolysis plant reached, in some areas, 2.8 A. However, in the majority of cases, 
in branches for feeding the baths and for removing the utilized electrolyte from the 
baths, the measured magnitudes of the leakage currents were equal to several tenths 
of an ampere and were in line with the rated magnitudes. 

In some instances, as a result of a short circuit or of insulation failure between 
the electrolyzers, pipelines, equipment or ground, leakage currents can in practice 
reach extremely high values, greatly exceeding the designed values. Such leakage 
currents should be considered as accidental [24], unlike routine leakage currents, 
which cannot be avoided. 

Especially high values of leakage currents occur in bipolar electrolyzers where 
the communication lines are disposed in the immediate vicinity of the electrolyzers. 
For example, in electrolyzers of the filter-press type used in the electrolysis of water, 
current leakages in communication lines attain 50 A [24]. In bipolar electrolyzers 
and in sets of electrolyzers connected in series, similar methods are used for the 
calculation of the leakage current distribution [25]. 

Measurements of leakage currents in metallic pipelines for technological solutions 
in various types of electrochemical plants, carried out in accordance with the proce- 
dure described in Ref. [30], have shown that the maximal sizes of the leakage currents 
in branch tubes between group headers and electrolyzers lie in the range from 0.1 A 
up to 1-2 A, and in group headers they can reach tens of amperes (Table 3.1). 

It is seen from Table 3.1 that the maximal values of the measured leakage currents 
in branch tubes and in group headers of brine lines in diaphragm electrolysis plants are 
about 2-4 times higher than the values given in work [5]. This is explained by the 
facts that the data of work [5] were collected at lower values of industrial electrolysis 
currents and for group headers made of a non-conductive material. 


Table 3.1 Measured maximal values of leakage currents (A) in electrochemical plants with 
metallic group headers 


Type of Electrolysis of Electro- _ Electrorefining Electro- 
electrolysis, NaCl refining of of Cu, chemical 
medium solutions nickel, feeding of production 
catholyte electrolyte of perborate, 
Diaphragm Mercury electrolyte 
electrolysis, cathode feeding 
Objects of brine electrolysis, 
Imeasurement chloranolyte 
Branches 2.0 1.3 _ - 1.6 
between 
electrolyzers 
and group 
headers 


Group headers 10.0 10.0 0.8 24 
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In branch tubes connecting the electrolyzers with headers of metal and with 
headers of non-conductive material, the character of the leakage current distribu- 
tion is similar: leakage currents reach the highest values above the marginal 
electrolyzers in a set, decrease towards its middle and have different directions on 
opposite sides of the zero point. 

Measurements of leakage currents on gas lines are the most problematic. In 
general, the values of leakage currents on gas lines are significantly lower than on 
lines filled with electrolyte. However, when the humidity of the gases is high, 
leakage currents through the layer of condensate formed on the walls of branch 
tubes and of insulating inserts can be considerable, and they constitute a serious 
corrosion danger to metallic pipelines and equipment installed on these lines. 

Analytical methods of leakage current computation on gas lines are inapplicable 
owing to variations in the condensate layer and, consequently, of its electric 
resistance inside the headers and branches. The double probe method is also 
inapplicable, because it is impossible to immerse the electrodes (probes) to a specific 
depth in the electrolyte. 

Using the magneto-electric devices also does not give any positive results, since 
the error of these devices, amounting to tenths of an ampere, is comparable to the 
values of the leakage currents in the gas lines. 

Measurements of leakage currents in gas lines are mostly achievable by means of 
the above-considered method [30]. Such measurements, outlined in Figure 3.3, were 
carried out along the wet chlorine lines in a chlor-alkali diaphragm electrolysis plant. 

The measurements were carried out at the nozzles of the titanium group headers. 
Tubes for chlorine tapping from the electrolyzers (chlorine taps) made of a 
non-conducting material were connected to these nozzles. The measurements 
proved the presence of leakage currents in the nozzles that were connected to the 
electrolyzers by chlorine taps made of faolite (asbestos material impregnated with 
phenol-formaldehyde resin) or of rubber-lined carbon steel. The values of the leakage 
currents were significantly lower than the currents measured along the lines filled 
with electrolyte. Most of these values (85%) did not surpass 60 mA, but in some cases, 
above the marginal electrolyzers in a set, they reached 200-300 mA (Figure 3.4). 
Similarly to the lines filled with electrolyte, the leakage currents decreased from the 
end to the middle of the electrolyzer set (zero point), and past the zero point they 
reversed direction. 

The path for leakage currents penetrating from the electrolyzers to the chlorine 
headers is the condensate layer that forms on the walls of the chlorine taps during 
the transit of wet chlorine through them. The values of the leakage currents vary 
widely, since they depend on the resistance of the condensate layer. This resistance, 
in turn, depends on the depth and composition of the condensate layer, on 
geometrical parameters and construction-related characteristics of the chlorine 
taps and on other factors that, in practice, cannot be quantitatively assessed with 
the required accuracy. It also depends on the working duration of the chlorine taps. 
If their working duration is long enough, the depth of the chlorinated layer on the 
walls of the chlorine taps increases. This leads to increased depths of the layer 
impregnated by the electrolyte (condensate) and, consequently, to a reduction of its 
electrical resistance. 
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Figure 3.4 Distribution of leakage currents in chlorine taps along a set of electrolyzers and 
their dependence on the distance from zero point, not taking into account (1) and taking into 
account (2) weights of variances. 


As the measured values of the leakage currents are dependant on a set of 
incontrollable factors, they can be considered as random values, and statistical 
methods can be applied for the analysis of their distribution along the header. To 
execute such an analysis, it was necessary, first of all, to define the distribution law 
of the values of the leakage currents. 

As a result of measurements that were carried out at different periods of time, 
data were accumulated on the values of leakage currents in 35 nozzles along the 
titanium headers disposed at the side of the negative pole of the rectifier. Four 
measurements were made at each nozzle. Thus, the data for the statistical analysis 
consisted of 35 samples and each sample included four elements. 

A hypothesis was made on a normal distribution law inside every sample. 
A correspondence criterion @* was used for testing this hypothesis [34]. Analysis 
has shown a high confidence level of the assumed hypothesis which enabled 
treating the obtained random values by means of a least-squares technique [35]. 
As a result of this treatment, equations of straight lines were obtained [36], which 
characterize the statistical distribution of the values of the leakage currents with 
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and without taking into account the weights of variances (Figure 3.4). It is seen 
that, when the weights of variances are taken into account, the zero value of the 
current practically coincides with the zero point in a set of electrolyzers (58th 
electrolyzer in a set of 116 cells). This provides support to the validity of the 
hypothesis on the normal distribution of the values inside a sample and indicates 
the applicability of statistical methods for the assessment of the values of leakage 
currents. On the basis of the tabulated data given in Ref. [37], it is possible to 
determine the confidence interval of the values of the leakage current inside a 
header nozzle disposed above a distinct electrolyzer in a set. 

Such treatment of the results of measurements enables the application of a 
selective approach to materials and to means of corrosion protection that are used 
at different areas of technological lines along a set of electrolyzers, based on the 
maximal values of leakage currents at the given area. In so doing, the lifetime of 
construction parts made of corrosion resistant materials or that are protected by 
appropriate methods can be assessed at the necessary confidence level. 

The above-considered statistical estimation of the distribution of leakage current 
magnitudes inside the nozzles of headers, provides data on the leakage currents 
passing through the chlorine taps. Therefore, the same data can be used to estimate 
the leakage currents inside the nozzles of the metallic covers of the electrolyzers, 
since these nozzles are connected to the opposite ends of the same chlorine taps. 
However, the currents in the nozzles of the covers will have an opposite direction, 
as can be seen from Figure 3.2. 

Measurements that were carried out along group headers have shown that 
leakage currents inside them reached 1.3A when chlorine taps of faolite or 
rubber-lined carbon steel were used [38]. This explains the intensive corrosion of 
the group headers at the areas of their contact with insulating inserts when these 
areas are not protected. 

The distribution of leakage currents along chlorine taps in membrane and 
diaphragm electrolysis plants exhibits a similar character [39]. It is also noted in 
Ref. [39] that the magnitudes of the leakage currents increase evenly along the 
header from its margin toward the middle of the header, where they are at a 
maximum, and then they decrease towards the other margin of the header. 


3.3. AGGRESSIVE MEDIA 


Media of electrochemical plants, like media of many other chemical and 
metallurgical plants, are characterized by their great variety and high aggressiveness, 
which is attributed to the presence of oxidizers, the high acidity or alkalinity of the 
solutions, and elevated temperatures and flow rates, etc. A great variety of electro- 
lytic solutions may be found place even within the limits of one plant. For example, 
in the electrolysis zone of a chlor-alkali diaphragm electrolysis plant (Table 3.2), 
there are solutions that do not contain chlorides (hydrogen line) or that contain low 
(in the order of magnitude of 1 g/l) and high (at the level of saturation, e.g., wet 
chlorine and brine lines, respectively) chloride concentrations. The pH of the 
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Table 3.2 Composition and temperatures of solutions in a diaphragm electrolysis plant [41] 


Technological line Solution composition (main Temperature, °C 
components) 
Brine NaCl (310 g/l) 90 
Wet chlorine Cl, (gas), water condensate 95-98 
(~1 g/l NaCl, pH 1.8-2) 
Caustic liquor NaOH (120 g/l); NaCl (200 g/1) 90 
Hydrogen Hp (gas), water condensate 90 


condensate that gets accumulates at the bottom of the wet chlorine piping 1s acidic 
(1.8-2) owing to chlorine hydrolysis. On the other hand, the caustic liquor has high 
concentrations of alkali and chloride. 

The presence of strong oxidizers — chlorine and its oxygen compounds, per- 
manganates, highest valence metal ions, etc., — which are formed in anodic 
processes, is most typical for the media of electrochemical plants. 

Under the conditions of electrolysis with a mercury cathode, the hot (80°C) 
solution of 260 g/l NaCl saturated with chlorine, as well as the wet chlorine (like in 
the diaphragm electrolysis) are the most aggressive media. In electrochemical plants 
such as the De Nora process, piping and equipment that operate with concentrated 
(50%) alkali solution at a temperature of 120°C are located in the electrolysis zone [42]. 

Alkali solutions with concentrations of about 30% at temperatures below 100°C 
are typical for water electrolysis plants [17, 18] as well as for the membrane 
electrolysis of chloride solutions [18]. Moreover, in membrane electrolysis there 
are aggressive media, such as wet chlorine and chlorine-saturated chloride solutions. 

Chlorine, a strong oxidizer, is the major component which defines the aggressive- 
ness of most solutions in processes for the electrolysis of sodium salt solutions. 
In addition, at different stages of technological processes, these solutions may contain 
oxidizers such as oxygen — chlorine compounds, mainly chlorate and hypochlorite [42]. 
These compounds also form a part of the products which are obtained in electrolysis 
processes [43]. 

One way of producing chlorine and hydrogen is by the electrolysis of 
hydrochloric acid [18]. Technological solutions in this process are the most aggres- 
sive, since they are characterized by the presence of a strong oxidizer (dissolved 
chlorine), an activator (chlorine ion) and high acidity. The high aggressiveness of 
these technological media, even in the absence of the leakage currents, is the reason 
for the limited application of this process. 

Electrochemical processes for the synthesis of oxidizers and reducers are also 
characterized by the great variety of aggressive media [44]. The presence of strong 
oxidizers (compounds of oxygen with chlorine and other halogens, perchloric and 
persulfuric acids, peroxides, persulfates, permanganates, etc.) in the technological 
solutions is most typical for this group of electrochemical plants. Technological 
media such as strong oxidizing acids (e.g., persulfuric acid), as well as oxidizing 
alkaline solutions (e.g., perborate), are present in these plants. 

The aggressive media of electrochemical plants of non-ferrous metallurgy are 
also very varied [1-3]. A significant number of the processes in these plants are 
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Table 3.3. Composition and temperatures of technological media in the processes of copper 
and of nickel electrorefining at one of mining/metallurgical works [44, 45] 


Technological Content of main components (g/1) Temperature, 
media 5 


CuSO, NiSO, FeSO, H2SO,4 NaCl 


Cu electrorefining 130 52.5 2 130 8x10-° 60 
Ni electrorefining - 170 - 2 57.6 85 


carried out in acid, most often in sulfate solutions of different concentrations. The 
electrolysis of copper, nickel, cobalt, manganese and zinc employs these processes. 
For example, the concentrations of sulfuric acid in electrolytes of copper and 
nickel electrorefining at one mining/metallurgical work differ by two orders of 
magnitude, as seen in Table 3.3. 

The technological properties of the electrolytes are adjusted by introducing into 
them small quantities of organic compounds that can influence the corrosion 
behavior of metals. For example, 50-100 g of thiourea, gelatin or joiner’s glue 
per ton of commercial copper are added to the electrolyte of copper electrorefining. 

It can be concluded, on the basis of the above data, that the presence in the 
technological solutions of oxidizers, which are synthesized during the anodic 
reactions, is typical, especially for electrochemical processes. The purpose of some 
electrochemical processes is obtaining a product by means of reactions of cathodic 
reduction [45]. However, in these cases, oxidizers that are formed in the conjugate 
anodic reactions are also present in the technological solutions. 

The temperatures of the aqueous solutions of the electrolytes in electrochemical 
plants usually do not surpass 100°C, although in some cases, for example, in the 
above-mentioned 50% NaOH solution of the De Nora process, they can attain 
higher values. 
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4.1. NON-METALLIC MATERIALS 


The presence of an external current does not necessitate any additional 
restrictions on the selection of structural non-metallic non-conductive materials if 
they are not intended to be used as insulating materials. Absence of porosity is one 
major requirement that is imposed upon insulating materials, along with the other 
usual requirements (high chemical resistance, strength, low cost, accessibility, etc.). 

In many aggressive media, piping and equipment made of thermoplastic mate- 
rials, such as PVC, polyethylene and polypropylene, are used at temperatures of up 
to 40-90°C (depending on the kind of material). The diameter of piping made 
from these materials does not surpass 200-300 mm, owing to their relatively low 
mechanical strength, which decreases with a rise in temperature. The tendency of 
these materials to undergo ageing at the surface in contact with aggressive media, 
especially in the presence of oxidizers, also has to be taken into account. 

Teflon possesses much better thermal and chemical resistance characteristics than 
other thermoplastic materials. It can be applied up to temperatures of 220—250°C, and 
it is chemically resistant to most aggressive media, including strong acids, alkalis and 
oxidizers. However, its high coefficient of thermal expansion, limited molding 
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possibilities, tendency to cold flow and relatively high price, restrict its application to 
the production of parts and pipes of relatively limited dimensions. 

Owing to their high mechanical strength and thermal stability, glass-reinforced 
plastics are widely used in electrochemical plants. The required chemical resistance of 
these materials in aggressive media can be achieved by the selection of appropriate 
binders. However, in the presence of strong oxidizers, such as gaseous or dissolved 
chlorine, the rate of material ageing increases, which leads to a reduction in the lifetime 
of the piping and equipment made from glass-reinforced plastics. Reduction of the 
lifetime of large-size equipment made of glass-reinforced plastics is often connected 
with the irregular distribution of their characteristics in the mass. For example, owing 
to an insufficient degree of polymerization of the binder at different areas of the piping 
or of other kinds of structures, premature destruction of these areas takes place. 

Piping and other structures made of faolite (material based on asbestos and a 
phenol-formaldehyde binder) are applied in many aggressive media. This material 
has good technological properties and a low cost [1]. It also has a satisfactory 
thermal stability, but its mechanical strength and, in many cases, its chemical 
resistance, are insufficient. The destruction rate of faolite increases in the presence 
of oxidizers. For example, the lifetime of piping made of faolite for hot and wet 
chlorine was often as low as 0.5—1 year [2]. Currently, faolite is not widely used 
owing to the carcinogenic properties of asbestos. 

The possibilities of applying of equipment, piping and valves made of inorganic 
materials such as glass and porcelain in the aggressive media of electrochemical and 
other chemical plants [1] are limited. Owing to their fragility and low mechanical 
strength, these materials are used for piping of relatively small diameters 
(100-200 mm) and for pieces of equipments of limited size. 

Of course, in electrochemical plants it is preferable to use non-conductive 
structural materials, which remove the danger of corrosion attack by external 
currents and reduce the values of leakage currents from electrolyzers. However, 
as seen from this short review, the possibilities of using non-metallic materials are in 
many cases restricted. The application of metallic materials in electrochemical plants 
is practically unavoidable. 


4.2. TRADITIONAL METALLIC MATERIALS 


Although attack by external currents is the major aggressiveness factor of the 
environment in electrochemical plants, the selection of structural materials in these 
plants is usually based, first of all, on their corrosion resistance in the given 
ageressive medium. 

Carbon steel and stainless steel of the type 18% Cr—10% Ni (18-10) find place in 
electrochemical plants, as well as in other plants of the chemical and metallurgical 
industries, as major structural materials. 

As noted in Chapter 1, in neutral media, carbon steel has an active state and 
corrodes, with oxygen depolarization. Its corrosion rate is quite high, especially at 
elevated temperatures and the high flow velocities of the aggressive media. An external 
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anodic current attacking active steel is almost completely utilized for metal dissolution. 
Nevertheless, during the 1920s and at the beginning of the 1930s, carbon steel was 
sometimes used, without any means of protection, for brine headers in chlor-alkali 
diaphragm electrolysis plants [3]. This was possible owing to the relatively low leakage 
currents in low-power electrochemical plants. It is interesting to note that the corrosion 
damage in anodic areas of carbon steel headers (which was significant even in the low- 
power plants) was explained in Ref. [3] not by the attack of leakage currents, but as a 
result of iron oxidation by chlorine evolving in these areas. Currently, unprotected 
carbon steel is not used under such conditions. 

In some cases, carbon steel was used away from the zones of leakage current 
action. Structural elements that were not too important, or had a great corrosion 
allowance and that were able to work for a long time despite significant corrosion, 
were made of carbon steel. For example, tube plates of carbon steel were used for 
brine heaters [2] in diaphragm electrolysis shops, whereas the tubes of these heaters 
were made of 18-10 stainless steel. The lifetime of these heat exchangers was usually 
about one year. Areas of contact of the expanded ends of the tubes with the tube 
plates were preferentially corroded. Both tube plates and tubes were damaged, 
which was attributed to a crevice effect. Under the attack of an external current, the 
lifetime of these heat exchangers went down to 6-8 months [2]. In modern practice 
such heat exchangers are not in use. 

Carbon steel is widely used in alkaline solutions of electrochemical plants, and 
particularly in processes of water electrolysis [4], owing to its satisfactory corrosion 
resistance in alkali solutions of medium concentrations. 

However, despite the fairly good corrosion resistance of carbon steel in alkaline 
media, it undergoes corrosion damage by external anodic currents. Rings of carbon 
steel for intake conduits and gas (hydrogen and oxygen) ducts of bipolar electro- 
lyzers, and other parts, corroded under the conditions of water electrolysis. The 
most intensive corrosion was observed inside the ducts located above the marginal 
cells on the side of the negative pole of the current source. The flow of the gas— 
liquid mixture along these ducts was accompanied by pulsations of pressure that 
gave rise to pulsations of leakage currents. In the opinion of the authors of work [4], 
corrosion damage of the rings was connected with the appearance of the cathodic 
component of the pulsations. Polarization by the cathodic current leads to activa- 
tion of the metal surface. During the attack by the anodic current that follows, 
anodic dissolution of the activated metal takes place. 

Nickel is the best structural material for alkaline media that do not contain 
chlorides. Parts made of carbon steel with nickel coatings, including anodes for 
industrial electrolyzers, are applied in aqueous electrolysis media [4]. However, in 
accordance with the data of [4], nickel-coated parts undergo corrosion damage 
related to attack by leakage currents. 

In processes of sodium chloride diaphragm electrolysis, carbon steel is used as a 
structural material for cathodic grids in electrolyzers and for piping and equipment 
on the lines of hydrogen and caustic liquor (solution of 120 g/l NaOH + 200 g/1 
NaCl) at temperatures of around 90°C [5]. Overflow devices made of carbon steel 
for draining caustic liquor from the electrolyzers into the header are widely used in 
these processes. Such devices are installed in all electrolyzers. As experience of their 
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use has shown, the ends of these devices, from which the jet of electrolyte flows out, 
were severely corroded on the side of the negative pole of the power source. The 
most intensive corrosion occurred at the marginal electrolyzers in a set. The lifetime 
of the marginal devices, with wall thicknesses of 4-6 mm, usually did not surpass half 
a year. The dependence of the intensiveness of the corrosion of the devices on their 
position in the set of electrolyzers and the increase of the intensiveness of the 
corrosion towards the margins of the sets indicates that in this case the corrosion 
damage was also caused by attack by anodic leakage currents from the electrolyzer. 

Inside the hydrogen headers of sodium chlor-alkali electrolysis plants, relatively 
small quantities of alkaline condensate are formed. The corrosion state of the headers 
and other equipment on the hydrogen lines does not create any serious problems, 
since the leakage currents along these lines are relatively weak. Carbon steel has a 
passive state in this environment. Some sections of the group headers sometimes 
undergo corrosion damage after several years of use. These sections are easily replaced 
during periodic routine repairs, which do not require significant expenditure or 
expensive materials. Therefore, any special studies of infrequent cases of metal corro- 
sion damage were not carried out on these lines. The cases of corrosion damage were, 
most probably, connected to attack by leakage currents. Obtained during periodical 
inspections, the data on the preferential corrosion damage of sections of the group 
headers located above the marginal electrolyzers in a set, indicate this probability. 

The headers for feeding the electrolytic baths and removing electrolyte from the 
baths and the valves, pressure tanks and other equipment contacting with solutions 
containing sulfuric acid in the copper electrorefining plants, are made of 18-10 
stainless steel. Operating experience testified that the corrosion damage of this 
equipment depended on the location of the corroded areas with respect to the 
poles of the power source. Moreover, the damage was located at the terminal areas 
of the tubes, where jets of electrolyte flow out, and at the areas of contact of tubes, 
valves and other metallic parts with the parts made of a non-conductive material. As 
in the previous cases, these data indicate corrosion attack by the leakage currents 
coming from the electrolytic baths. 

At the same time, corrosion of the weld seams in the piping and equipment 
made of 18-10 stainless steel was observed throughout the set of electrolytic baths, 
irrespective of the location of the corroded weld seams in the set. As is known [6], 
austenitic stainless steels of type 18-10 are susceptible to intercrystalline corrosion in 
media containing sulfuric acid in combination with oxidizers. In the case under 
consideration, the divalent copper plays the part of the oxidizer. 

Technological piping for feeding electrolysis baths, valves and other equipment 
located in the proximity of the baths of the plants for the electrochemical produc- 
tion of sodium perborate are made of 18-10 stainless steel. Results of inspections 
have shown that even after more than 10 years of use, no cases of corrosion failure 
were noted, in spite of the high values of leakage currents along the technological 
lines of these plants. 

Attempts to apply stainless steel 18-10 as a structural material on a line of hot caustic 
soda (50% NaOH, temperature 120°C) in electrolysis with a mercury cathode 
(De Nora process) did not give satisfactory results. Pipes with a wall thickness of 
5—6mm were perforated as a result of corrosion after twomonths of operation [7]. 
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The damage occurred at the nozzles connected to non-metallic tubes for withdrawal of 
the alkali from the electrolyzers, which that were located on the side of the negative 
pole of the power source. Such a disposition of the damage indicates that the corrosion 
failure was caused by the attack of anodic leakage currents. 

In the process of electrolytically producing manganese in solutions containing 
sulfuric acid at temperatures of 80—90°C, only high-alloyed steels and nickel-based 
alloys with the addition of up to 3% molybdenum and copper, possess a satisfactory 
corrosion resistance [8, 9]. Under these conditions, the use of steels with a lower 
degrees of alloying is possible only when anodic protection is provided, which 
maintains a stable passive state of the metals. It is clear that these steels can be applied 
only away from the zone of leakage current action. 

Thus, the traditional structural metallic materials, carbon and stainless steels, are 
applied in media where they are able to maintain their passive state in the absence of 
attack by leakage currents. In most cases attack by anodic leakage currents is the cause 
of corrosion failure of piping and other structures made of these metals. Besides this, in 
some cases (e.g. nickel in alkaline media under the conditions of water electrolysis, 
stainless steel 18-10 in the electrochemical production of perborates) the metal is able 
to maintain its corrosion stability in the zone of leakage current action. The causes of 
metal stability under these conditions will be considered below. 


4.3. EXPERIENCE IN THE FIELD OF TITANIUM APPLICATION 


4.3.1... Preconditions for the application of titanium in electrochemical 
plants 


The commercial use of titanium as a structural material in aggressive environments 
of the chemical, metallurgical and other branches of industry deserves special 
consideration, owing to the above-mentioned exclusive ability of titanium to 
maintain its corrosion stability. 

In industrially developed countries, the commercial application of titanium started 
in the fifties of the twentieth century, when its large-scale production was mastered. 
Along with production growth, the use of titanium greatly increased. Currently, 
titanium equipment has a significant presence in different electrochemical plants, 
especially in the processes connected with the electrolysis of chloride solutions. 

Titanium played an important part in the technical progress of electrochemical 
plants. The most crucial equipment at all stages of the technological processes, from 
preparing and feeding of the electrolyte, and up to the lines of industrial waste, was 
made of this material. This enabled the execution of a qualitative modernization of 
many kinds of equipment, improving their efficiency, reliability and other opera- 
tional characteristics. 

It was noted in Chapter 1 that the presence of oxidizers in solutions shifts the open 
circuit potential of metals to the positive side, which reduces the metals passive field. 
As a result, traditional structural metals such as stainless steel 18-10, the corrosion 
stability of which is determined by its ability to maintain a passive state, undergo 
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pitting corrosion (especially in the presence of activators) or transpassivation, even in 
the absence of attack by an external anodic current. At the same time, titanium, even 
at high concentrations of chlorides and other activators, maintains a stable passive state 
in such solutions, owing to the high value of its activation potential. 

Media in which activators (chlorides) are present in combination with oxidizers 
(chlorine and its compounds with oxygen) are most typical for chlorine production 
processes. In this connection, titanium is the most extensively used metal for the 
technological lines of these processes [10, 11], which find the most widespread use 
in the chemical industry. 

At first, titanium was used in the zones located away from the electrolysis zones 
of chlorine production plants. Dechlorinators (compact apparatuses which substi- 
tuted bulky water dechlorination towers, made of carbon steel and lined with tiles 
of diabase), heat exchangers on the chlorinated water lines and waste lines contain- 
ing active chlorine, as well as piping and valves, etc. were made of titanium [2, 10, 
11]. Its application in these media was successful. 

The universal application of titanium with electrochemically active ruthenium 
dioxide coating as a base for anodes was an additional incentive in the 1970s for the 
intensive growth of titanium application in commercial chlor-alkali processes and 
in the production of chlorine—oxygen compounds. Owing to their better opera- 
tional parameters, these anodes substituted graphite anodes [12—14]. Later on, so- 
called ceramic anodes, which are based on titanium with coatings of titanium 
suboxides, found extensive application [15, 16]. 


4.3.2. Attempts at titanium application in the zones of attack 
by leakage currents 


During the period of intensive growth of titanium application, attempts were made 
to install sections of piping and other parts made of titanium in the brine lines in 
diaphragm chlor-alkali electrolysis plants. For example, the ends of rubber hoses for 
brine feed were made of titanium. The attempts to apply titanium on these lines, 
where the presence of leakage currents was clear, are explained by an overestima- 
tion of the corrosion stability of titanium, and by the lack of data on the corrosion 
and electrochemical behavior of titanium under attack by an external current. In all 
these cases, titanium underwent intensive corrosion of a local character. The 
mentioned ends of rubber hoses failed during the first four days of operation (Figure 
4.1). On a chloranolyte line in an electrolysis plant with a mercury cathode, sections 
of group headers of titanium perforated near the insulating flanges within several 
days (Figure 4.2). In both of these cases, white powdery corrosion products 
containing titanium dioxide, which are typical for titanium corrosion under anodic 
polarization, were found at the corroded areas. 

When the group headers for chloranolyte in the electrolysis plant with the 
mercury cathode were inspected, corrosion damage was also revealed at the areas of 
attack by leakage currents of a cathodic direction [17]. As in the case of attack by 
anodic currents, the damage was located close to the insulating flanges, mainly at 
the areas of weld seams (Figure 4.3). As opposed to the areas attacked by anodic 
currents, no corrosion products were found at the areas attacked by cathodic 
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Figure 4.1 Corrosion of hose ends of titanium in chlor-alkali diaphragm electrolysis plant 
under the attack of anodic leakage currents. 


Figure 4.2 Perforation of group chloranolyte header of titanium in chlor-alkali electrolysis 
plant with mercury cathode under the attack of anodic leakage current. 


currents, and the corrosion rate in these areas was significantly lower than the 
corrosion rate caused by anodic currents. The average time for pipe perforation to 
occur at a wall thickness of 3mm was about half a year. 

In nickel electrorefining plants, corrosion of titanium under attack by external 
anodic currents was also observed. In rake-type distributors (for catholyte distribu- 
tion over the baths) located on the side of the negative pole of the power source, 
nozzles for connecting rubber hoses were corroded (Figure 4.4). The damages was 
observed at the terminal areas of the nozzles, inside them and under the hoses. 
Moreover, sections of the titanium group headers for catholyte feeding corroded at 
the areas of their contact with insulating flanges and inserts. Sometimes these areas 
perforated after several months of operation. 
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Figure 4.3. Perforation of group chloranolyte header of titanium in chlor-alkali electrolysis 
plant with mercury cathode under the attack of cathodic leakage current. 


Figure 4.4 Electrocorrosion of titanium nozzle of rake-type distributor in nickel 
electrorefining plant. 


Cathodic current attack has appeared in some areas as nickel precipitation in the 
form of dendrites. 

Under attack by an external cathodic current, titanium hydrogenation can occur 
along with corrosion. Data on the hydrogenation of titanium cathode blanks [18] 
which takes place in nickel electrorefining plants point to such a possibility. 

Titanium piping and equipment in copper electrorefining plants are also 
susceptible to corrosion by external anodic currents. As in other kinds of electro- 
chemical plants, corrosion damage was noted in the areas of metallic pipes joined to 
the pipes of non-conductive materials and at the terminal areas of the pipes where 
jets of electrolyte were flowing out. In particular, titanium valves installed on 
polyethylene piping and at terminal areas of titanium pipes for feeding the electro- 
lyte to pressure tanks were corroded. 
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Welded bottoms and nozzles of degassing tanks were among other titanium 
equipment attacked by anodic leakage currents in these plants. The nozzles were 
connected with rake-type polyethylene distributors for feeding electrolyte into the 
baths. Only weld seams were corroded at their bottoms. The tanks were positioned 
directly on the baths or on the bottom polyethylene plates. The walls of the baths 
were made of bricks that were impregnated with electrolyte, and the bottom plates 
were always damp due to electrolyte spillage, which led to the appearance of 
leakage currents. The location of the weld seams on the tank bottom coincided 
with the zone of leakage current attack. 

As under the conditions of nickel electrorefining, copper precipitation in the 
form of dendrites took place in the copper electrorefining plant. 

Consideration of the results of the inspections in the electrochemical plants 
pointed to the conclusion that in the absence of means of protection against 
corrosion, titanium, like other structural metallic materials, is susceptible to 
corrosion attack by leakage currents. 


4.3.3. Preconditions and experience of titanium application in wet 
chlorine lines of electrochemical plants 


As was already noted, most of the non-metallic structural materials undergo 
chlorination in the environment of hot, wet chlorine. This leads to the destruction 
of structures made of these materials during relatively short periods of their opera- 
tion. Titanium is the only metallic structural material that is able, in the absence of 
attack by leakage currents, to maintain its corrosion stability in wet chlorine and in 
chlorinated water almost for ever. Owing to this, titanium found extensive applica- 
tion, first of all, in wet chlorine headers. It was suggested that leakage currents from 
electrolyzers do not penetrate to the gas lines. 

A header for wet chlorine in a modern sodium chloride electrolysis plant comprises a 
branched system of pipes with diameters of from 200-300 mm to 900-1200 mm (group 
and general headers) and of lengths in the order of 1000 m. Frequent replacement of this 
construction, which requires a lot of materials along with direct material and labor 
expenditures, leads to long periods of stopages in the operation for overhauls. Therefore, 
the application of titanium headers was estimated in the 1970s to be an important step in 
the technical progress of the chlorine producing industry. Sometime later, titanium 
covers for diaphragm electrolyzers began to be manufactured, since the covers made of 
non-metallic materials, like the headers, were destroyed by the hot, wet chlorine. 

During the same period of time, signs appeared of cases of titanium corrosion 
failures in chlor-alkali electrolysis plants. 

The first data on the corrosion of titanium in wet chlorine were published by 
American researchers Sheppard and Gegner [19] and Gleekman [20]. In Ref. [19], 
intensive corrosion was noted of titanium branch tubes (chlorine taps) in the crevices 
under the sealing at the areas of the connection of these tubes to the branches of the 
group headers and the covers of the electrolyzers. Gleekman [20] also described 
corrosion damage to chlorine taps made of titanium in crevices and, what is more, 
corrosion damage to sections of titanium headers in crevices, under the sealing of the 
piping joints. These damages were observed under the operating conditions. It was 


64 Electrocorrosion and Protection of Metals 


noted in Refs. [19, 20] that titanium dioxide was the major corrosion product in the 
corroded areas. At the same time, it was indicated that while one of the ends ofa pipe 
section was intensively corroded, the other end, which was also inside a crevice 
(under the sealing), showed no signs of corrosion. The cases of corrosion resistance of 
titanium in the bulk of the chlorinated solution and of its corrosion failure in the same 
solution inside crevices was determined by the author of the article [20] as abnormal. 
The corrosion failure was explained to be a result of a crevice effect. Based on the 
work by Bomberger [21], a mechanism for the development of crevice corrosion in 
wet chlorine and chlorinated solutions was proposed. The author suggested that in the 
first stage of corrosion development in deep crevices, the chlorine loses water, which 
is spent on the initial corrosion process. This leads to intensive corrosion of the 
titanium in the dewatered chlorine. The fact that one end was, and the other end 
was not, damaged inside the crevices under the sealing, was explained by the author as 
resulting from the low reproducibility of the obtained data, owing to the differing 
geometric parameters of the crevices. 

Although all the considered cases of corrosion were revealed at the branches and 
headers of titanium located in proximity to the electrolyzers, the above-mentioned 
works did not even refer to the possibility of corrosion attack of titanium by leakage 
currents. Apparently, the authors did not believe that the piping that transports gas 
and not electrolyte could be penetrated by leakage currents. However, in 1967 the 
same authors suggested that under such conditions, attack of titanium by external 
currents is possible [22]. 

Extensive inspection of electrochemical plants that was undertaken in the Soviet 
Union during the 1980s confirmed the corrosion attack of titanium by leakage 
currents on the wet chlorine lines. The damage was mainly found inside crevices 
under the gaskets of flange connections. At first glance, this corroborated the 
conclusions of the American researchers. However, careful analysis has shown 
that the damage occurred only in the piping sections that, according to the scheme 
of the electric circuits, were attacked by leakage currents of an anodic direction. In 
particular, the flanges of the titanium group headers on the side of the negative pole 
of the power source corroded, like in the above-mentioned brine lines. The most 
intensive corrosion was observed above the marginal electrolyzer in a set. Thus, the 
results of the inspection unambiguously pointed to the corrosion attack of titanium 
by anodic leakage currents. 

Moreover, the corrosion damage was found not only inside the crevices under 
the gaskets, but also in areas adjacent to flanges, and at a significant (about 100 mm) 
distance from the flanges, where the crevice effect cannot appear. An example of 
corrosion damage of such a character, at a terminal area of a section of a titanium 
group header that was connected to an insulating insert, is shown in Figure 4.5. 

At the branches of the titanium group header that were disposed on the positive 
side, with respect to the poles of the power source, no corrosion damage was found. 
Also, no signs of corrosion were found under the gaskets of the titanium flange 
connections of adjacent sections of titaniumpipes that were electrically connected 
through connection bolts. So, in both these cases, the crevice effect was absent. 

Further inspection of the titanium covers for electrolyzers have shown that only 
the nozzles for connecting the chlorine tap tubes of insulating material to those 
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Figure 4.5 Corrosion of a section of a group titanium header near its contact with an 
insulating insert. 


covers that were disposed on the positive side of the power source were corroded. 
On the opposite side of the zero point, such nozzles were not corroded. Thus, 
corrosion of these nozzles also can be explained only by an attack of leakage 
currents of an anodic direction. 

Corrosion products containing titanium dioxide, which is formed as a result of 
attack by anodic currents, were found at the corroded areas. 


4.3.4. Laboratory and industrial tests of titanium resistance against 
crevice corrosion in wet chlorine and in chlorine-saturated 
water: Comparison of results 


To estimate whether titanium is prone to crevice corrosion in wet chlorine and in 
chlorinated aqueous solutions, corrosion tests were carried out on titanium speci- 
mens with artificial crevices in a saturated chlorine solution of 100 g/l NaCl, at 
temperature of 95°C. 

The testing procedure is described in Ref: [23]. Plate-shaped rectangular speci- 
mens with the dimensions 25 x 50 x 2.5mm were placed in a yoke of Teflon. 
Crevices, of 0.1 mm width between each pair of specimens, were set up with the 
help of narrow (2mm width) ribbons of Teflon foil, placed at the opposite long 
edges of the specimens. The specimens were pressed together using Teflon screws. 
Each pair of specimens was insulated from adjacent pairs by fluorine rubber gaskets. 
The yokes were placed inside the cells so that the working surfaces of the tested 
specimens were disposed vertically. For simultaneous testing in a chlorinated 
solution and in wet chlorine, one part of the specimens was tested under complete 
immersion into the solution, and another part was placed above the solution. The 
duration of the tests was 500 h. 

In none of the tested specimens were signs of crevice corrosion found, regardless 
of location of the specimens inside the cells. 

Under the working conditions, tests were carried out on specimens with 
artificial crevices in accordance with the procedure described in Ref. [24]. In this 
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case, pairs of square-shaped titanium specimens of dimensions 25 x 25mm were 
tested. Artificial crevices of 0.1 mm width were also set up with the help of narrow 
ribbons of Teflon foils placed at the opposite edges of each pair of specimens. 
Several pairs of specimens were mounted in a set with the help of Teflon bolts 
which passed through the central orifices of the specimens. These sets were placed 
inside electrolyzers, under the covers. In six month long test, also no signs of 
crevice corrosion were found. 

Along with the testing of specimens with artificial crevices, industrial corrosion 
tests were carried out on titanium branch tubes for chlorine withdrawal (chlorine 
taps) from electrolyzers to group headers made of faolite. Furthermore, chlorine 
taps made of titanium were tested, with short pipes (100 mm long) of Ti alloy with 
0.2% Pd welded to the terminal part of the chlorine taps. The terminal parts of the 
chlorine taps were embedded into electrolyzers’ covers of concrete. When the 
chlorine tap with the short pipe of Ti alloy—0.2% Pd was tested, the pipe of the alloy 
was completely embedded inside the cover, together with the adjacent terminal 
area of the titanium chlorine tap. 

The tests showed that the areas of the chlorine taps embedded into the covers, 
whether of titanium or of Ti alloy—0.2% Pd, had undergone corrosion damage 
when they were located on the side of the positive pole of the power source 
(Figures 4.6 and 4.7). The titanium pipes were perforated, and the short Ti-0.2% 
Pd pipes were also badly corroded, whereas this alloy usually possesses high 
resistance against crevice corrosion even in a 5% solution of HCl at 80C [23]. 
The opposite terminals of the chlorine taps (joined to the faolite headers) were 
corroded on the side of the negative pole of the power source. 

The results of the laboratory and industrial tests ultimately confirmed that under 
the considered conditions, titanium is not susceptible to crevice corrosion in wet 
chlorine and in chlorinated solutions. The only cause of the corrosion of the 
chlorine taps made of titanium is the attack by anodic leakage currents coming 
from the electrolyzers. 

The areas of attack by leakage currents coincided with the areas where the 
appearance of crevices between the chlorine tap and the cover of the electrolyzer 


Figure 4.6 Corrosion of a chlorine tap made of titanium at the area of its embedding inside a 
cover of concrete. 
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Chlorine tap of titanium | Short cigs of Ti-0.2%Pd 


Figure 4.7 Corrosion of a short pipe of Ti alloy-0.2% Pd and perforation of the area adjacent to 
it of the terminal part of the titanium chlorine tap embedded inside a cover of concrete. 


were possible. It is probable that this was the reason for the authors of Refs. [19, 20] 
to point to the crevice effect as the cause of the titanium corrosion in wet chlorine 
and in chlorinated solutions. 

The lower corrosion rate of the Ti alloy-2% Pd compared with titanium, which 
was observed at the chlorine taps, may be explained by the presence of palladium in 
the alloy. When the activation potential, E,, of the alloy is attained under the attack 
of an external anodic current, enrichment of the corroding metal surface with 
palladium occurs. A similar effect takes place under active dissolution of this alloy in 
acids [25, 26]. Palladium which was accumulated on the alloy surface, is an 
anodically active metal, and some share of the external current is spent on the 
palladium particles for the evolution of chlorine. As a result, the share of current 
which is spent for titanium dissolution, is reduced. 

Thus, on all electrochemical plant lines, including gas lines, titanium can only be 
applied without some means of protection against corrosion, in places that are 
distanced from zones of attack by leakage currents . 
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CHAPTER 5 


CORROSION BEHAVIOR INVESTIGATIONS OF 
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MATERIALS IN ELECTROCHEMICAL PLANT 
MEDIA, TAKING INTO ACCOUNT ATTACK BY 
LEAKAGE CURRENTS 
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5.1. CARBON STEEL IN NEUTRAL, ALKALINE 
AND CHLORIDE-ALKALI MEDIA 


5.1.1. Neutral solutions of salts 


The corrosion and electrochemical behavior of iron and carbon steel in neutral 
solutions of salts such as chlorides and sulfates is well studied [1]. With access to air, 
carbon steel actively corrodes in distilled water and in aqueous solutions of these 
salts. Nevertheless, as was noted in the previous chapter, in the early stages of the 
development of electrochemical plants, carbon steel equipment was used in the 
zones of action of leakage currents coming from the electrolyzers. In these cases, 
the external anodic current, which attacked the actively corroding metal, was spent 
almost completely on its dissolution, in accordance with Faraday’s laws. Therefore, 
using carbon steel in neutral solutions in electrochemical plants under conditions of 
attack by leakage currents is inadmissible without complete isolation of the metallic 
structures from contact with an aggressive environments. 
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5.1.2. Alkaline solutions 


As seen from the Pourbaix diagram (Figure 1.1), iron and carbon steel are in a 
passive state in dilute alkaline solutions and, consequently, they maintain their 
corrosion stability in the absence of attack by external anodic currents [2, 3]. Iron 
passivation in these media is connected with formation of oxide compounds on the 
metal surface. The depth of the layer formed by these compounds may be in the 
order of magnitude of one monolayer, and the passive state can be reached when 
only a part of the metal surface is covered by the oxide [4]. 

During the anodic polarization of passive iron in alkali solutions, different types of 
oxide and hydroxide compounds, including Fe** and Fe**, ions are formed. The 
compositions of these compounds depend on the potentials at which the corresponding 
reactions are proceeding and on the concentrations and temperatures of the solutions. 

The reaction of anodic oxygen evolution 


1 
20H — gees ee (5.1) 


is thermodynamically possible in 1N alkali solution at potentials that are more 
positive than 0.4 V [5]. The overvoltage of the oxygen evolution on iron at low 
current densities is 0.25 V [6]. Therefore, at potentials that are more positive than 
~0.65 V in 1N alkali solution (and in more concentrated solutions at more 
negative potentials), the major share of the current will be spent on oxygen 
evolution. In accordance with the potential—pH diagram obtained for hot alkaline 
solutions [7], the existence of lepidocrocite (y-FeOOH) and of magnetite (Fe304) 
on the metal surface is possible in this range of potentials. 


Fe;04,+ 2H2,O =37-FeOOH+H' +e, (5.2) 


and the Fe3O, layer has a friable structure. 

It was of interest to estumate to what area the potential of the carbon steel will, 
most probably, shift under the action of an anodic current, and to consider the 
corrosion resistance of the carbon steel in this area. 

The results of potentiostatic investigations of carbon steel in 1 N NaOH solution 
at a temperature of 90°C and at a potential scanning rate of 0.72 V/h (Figure 5.1, 
curve 1) are in good corroboration with the data in Ref. [8]. At potentials from 
stationary (—0.1 to OV), and up to the potential of the start of oxygen evolution 
(0.7 V), the steel maintained its passive state. In the area of oxygen evolution, 
the curve had a Taffel dependence. The current density on the passive steel was 
only (1-2) x 10°? A/cm”. Therefore, it could be expected that even on small values 
of current density, the potential will shift to the area of oxygen evolution. This was 
confirmed in experiments that were carried out under conditions of galvanostatic 
polarization. The potential shifted to the value 0.73-0.75 V at a current density of 
1.5mA/cm’. Tests lasting five hours have shown that the weight losses at this current 
density are insignificant, less than 0.1 g/m h. 

At higher current densities, the potentials and the weight losses increased 
significantly. For example, in a 5h long experiment at current densities of 20 and 
50mA/cm”, the potentials stabilized at the values 0.80-0.82 V and 0.83-0.87 V, 
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Figure 5.1 Anodic polarization plots on carbon steel St 3 in solutions: 1 — 1N NaOH; 
2 — 120g/1 NaOH + 200 g/l NaCl. Temperature 90°C. 


respectively. The weight losses of carbon steel therewith were, respectively, 0.68 
and 1.1 ¢/ mh, or, in current density units, 0.5 and 0.8 mA/ cm’. The shares of the 
current that were spent on iron dissolution, if the transfer of the Fe°* ions into 
solution is accounted for, were, at 20 and 50 mA/cm7 respectively, 2.5 and 1.6%. 
At 50 mA/cm’, the share of the current spent on iron dissolution was lower than at 
20 mA/ cm’, but the absolute value of the weight loss at 50 mA/ cm” was higher. 

The corrosion of carbon steel in the area of oxygen evolution can be attributed 
to the formation of soluble compounds such as FeO,” at high anodic potentials [9]. 

An increase in the corrosion rate in the area of anodic oxygen evolution was 
observed by many researchers [2, 10]. The stage of adsorption of oxygen contained 
in the water molecule, onto the metal surface precedes the process of oxygen 
evolution in the form of bubbles. Following this, further oxygen transfer from the 
anodically dissolving “cells” of iron oxide to the adsorbed layer of oxygen (which 
plays the part of a buffer capacity) would be facilitated [11]. This is considered to be 
one of the causes of the growth in the corrosion rate under the conditions of oxygen 
evolution. The possibility of mechanical destruction of the friable surface layer of 
magnetite by the bubbles of evolving oxygen also has to be taken into account. 

In accordance with the existing data [6], the action of external cathodic currents 
does not lead to the corrosion of carbon steel in alkaline media. 


5.1.3. Chloride-alkali solutions 


When alkaline media contain chlor-ions, local corrosion of carbon steel can 
develop even in the absence of attack by external anodic currents. For example, 
pitting corrosion of carbon steel was observed in alkali solution (pH 11) that 
contained only 0.5 mg/1 of NaCl [12]. Alkalization of water under conditions 
of air access to the water is considered to be a dangerous means of corrosion 
protection for steam power equipment, because of the probability of the devel- 
opment of pitting corrosion [13]. 
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The activating action of chlor-ions in the anodic polarization of iron and the local 
character of corrosion were first revealed in alkaline solutions [14]. An increase in the 
alkali concentration suppresses the activating action of chlor-ions [9, 15]. On 
the other hand, an increase in the chloride concentration, as well as an elevation 
of the temperature, facilitates the metal activation, which can occur at potential 
values that are more negative than the potential of oxygen evolution. Thus, the value 
of the activation potential of the metal, E,, in chloride-alkali solutions, depends on 
ratio of the concentration of chloride and hydroxyl ions and on the temperature. 

The mechanism of metal activation in solutions containing ion activators, considered 
in Chapter 1, is applicable for alkaline solutions, since in both cases the activation takes 
place as a result of substitution of the passivator (oxygen) by the adsorbed chlor-ion. 

According to the data [16], carbon steel maintains its corrosion stability up to 
temperatures of 140°C in a solution of 120 g/1 NaOH + 200 g/l NaCl. Such a 
solution is typical in chlor-alkali diaphragm electrolysis plants. It was of interest to 
estimate the carbon steel corrosion stability in this solution in the presence, and in 
the absence, of the action of external anodic currents. 

Corrosion tests have shown that the rate of corrosion of carbon steel St 3 in this 
solution at a temperature of 90°C, in the absence of an external current, was less than 
0.1 g/m*h. The open circuit potential of carbon steel under these conditions was 
—0.65 to —0.75 V. This value is much more negative than the potential value in 1 N 
NaOH solution (see Figure 5.1, curve 1) and, as seen from Figure 5.1 (curve 2), 
carbon steel had a passive state at this potential, which explains its corrosion stability. 

An anodic current growth, connected with oxygen evolution, was observed in a 
chloride-alkali solution at potentials above 0.5 V (see Figure 5.1, curve 2). Along 
with oxygen evolution, a considerable share of the current was spent in this area on 
metal dissolution. At a current density of 20 mA/cm”, the stabilized potential value 
was equal to 0.7 V, and the corrosion rate at this potential reached 4 g/ mh, or, in 
current density units, 3 mA/ cm>. The current share that was spent on iron dissolu- 
tion, equal to 15%, was significantly higher than that in 1 N NaOH solution. 

Thus, in the absence of an external current, carbon steel maintains its corrosion 
stability in chloride-alkali, as well as in alkali solutions. Under attack by external 
anodic currents, the potential of carbon steel shifts to the area of oxygen evolution, 
where the corrosion rate of carbon steel in alkaline solution becomes significant. In 
chloride-alkali solution the corrosion rate of carbon steel further increases. 


5.2. STAINLESS STEEL 18-10 IN ALKALINE AND ACID MEDIA 


5.2.1. Solution of 50% NaOH at 120°C; comparison of corrosion 
behavior of stainless steel 18-10 and of nickel 


The open circuit potential of stainless steel 18-10 in a concentrated solution of 
NaOH, which is equal to —0.9V, refers to the area of active iron dissolution [7]. 
Apparently, this is the cause of a noticeable — in the order of 0.3 mm/year — rate of 
corrosion of steel 18-10 in this solution, in the absence of attack by an external 
current, which is in agreement with the data given in Ref. [17]. 
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Figure 5.2 Anodic polarization plots on stainless steel 18-10 (1) and on nickel NP-2 (2) ina 
solution of 50% NaOH at a temperature of 120°C. 


As already noted in Section 4.2, in electrolysis plants with the mercury 
cathode, under conditions of attack by leakage currents of an anodic direction, 
pipes made of stainless steel 18-10 in the hot caustic soda lines corrode at a much 
higher rate. 

Studies of stainless steel 18-10 and of nickel NP-2 that were carried out in this 
connection revealed peaks on the potentiodynamic polarization curves, which are 
related to the above-mentioned active dissolution of the metal (Figure 5.2). For 
steel 18-10, the peak appears at potential —0.9 V; for nickel, the peak is located at a 
more positive potential, —0.6 V. In Ref. [18], it is also noted that an area of active 
nickel dissolution exists in media of similar compositions. 

The current density growth on steel 18-10 at potentials (—0.3) to (—0.1) V is 
explained in Ref. [9] by the transpassivation of chrome, which is followed by the 
formation of soluble hexavalent chrome compounds. 


Cr(OH), +50H~ =CrO,” + 4H20 4+ 3e7 (5.3) 


CrO; +2O0H” =CrO,- +H2,0+436°. (5.4) 


The equilibrium potentials of these compounds in alkaline media are equal, 
respectively, to —0.13 and —0.19V. 

The passivation of steel 18-10 at more positive potentials is explained in Ref. 
[19] by the formation of the oxide Ni2O3. At high anodic potentials, iron passes 
into solution in the form of FeO, ions [20]. 

The Taftel area of oxygen evolution on nickel is disposed above the potential of 
0.4V (Figure 5.2). The high corrosion stability of nickel in alkaline solutions is 
well-known. Its corrosion rate in 50% NaOH solution, under evaporation condi- 
tions, is 0.06 g/m? day [3]. 

It was found in Ref. [21], that under anodic polarization, nickel remains passive 
and the stability of its passive state rises with a rising anodic current, which is 
stipulated by the highly protective properties of passivating oxides forming on the 
nickel surface [19]. During anodic polarization, ions of nickel practically do not 
participate in the anodic process. 
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At the same time, there are indications of delayed nickel passivation in alkali 
at temperatures above 120°C and on active dissolution of the metal under 
these conditions [6]. Therefore, it was of interest to consider the anodic behavior 
of nickel, and to estimate its corrosion stability compared with the behavior of 
steel 18-10. 

It is seen from the anodic polarization curve 2 (Figure 5.2) that, in accordance 
with the data [18], no transpassivation area exists on nickel. In the range of 
potentials from —0.2 to 0.3 V, the current density on nickel is lower than that on 
steel 18-10 by more than two orders of magnitude. Oxygen begins to evolve on 
nickel at a potential of about 0.3 V, which is 0.1 V more negative than on steel. 
Nevertheless, the Taffel branch relating to oxygen evolution is disposed on nickel at 
a potential 0.1 V more positive than on steel 18-10, and the current densities on this 
branch are an order of magnitude lower than those on steel. The share of current 
that is spent on the anodic dissolution of steel components in the area of oxygen 
evolution does not exceed a few percent of the total anodic current. Therefore, 
a comparison of curves 1 and 2 of Figure 5.2 points to the conclusion that the 
overvoltage of oxygen evolution on nickel is higher than that on steel 18-10. 
This can be explained by the active dissolution of steel components in the trans- 
passivation state, which increases the electrochemical activity on the steel surface. 

Galvanostatic studies at current densities from 1 to 100mA/cm* have shown 
that the weight losses of nickel are insignificant. The potential of nickel shifted to 
the potentials of oxygen evolution at these values of current densities. 

To estimate the corrosion rate of steel 18-10 at potentials related to the areas of 
transpassivation and oxygen evolution, 5h long corrosion tests were carried out 
under potentiostatic conditions, at potentials, —0.11 and 0.45 V, respectively. It was 
shown that the corrosion rate at the transpassivation potential (—0.11 V) is higher, 
than that at the potential of oxygen evolution: 8 and 2g/m*h, respectively, 
although the current density at —0.11 V is about two orders of magnitude lower 
than that at 0.45 V. This can be attributed to the secondary passivation of stainless 
steel in the area of oxygen evolution. 

These results accord with the results of the 5h long corrosion tests obtained 
under conditions of galvanostatic polarization. At a current density of 1 mA/cm’, 
the potential of steel 18-10 fell in the area of chrome transpassivation (Figure 5.3, 
curve 1), and its corrosion rate was the highest (Table 5.1). At a current density of 
5 mA/cm the potential during the first 2h remained in the area of transpassivation 
and then it drastically shifted to the area of oxygen evolution (curve 2). The higher 
the current density, the faster the metal potential shifted to the area of oxygen 
evolution. As the current density was increased from 5 to 50 mA/cm’, the corro- 
sion rate of steel 18-10 decreased (curves 3—5). However, a further rise in the 
current density to 100 mA/cm(? led to a rise in the corrosion rate. 

Thus, the corrosion stability of stainless steel in concentrated alkali solutions is 
quite low, even in the absence of attack by external anodic currents. The stability 
decreases still further under the action of both low and high external anodic currents 
at which steel undergoes corrosion at the potentials of either transpassivation or 
of oxygen evolution. At the same time, nickel maintains its corrosion stability in 
a large range of potentials and current densities, owing to its stable passive state. 
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Figure 5.3. Chronograms of potentials at galvanostatic polarization of stainless steel 18-10 ina 
solution of 50% NaOH at temperature 120°C at current densities, (mA/cm?): 1-1;2-—5;3 — 10; 
4—20;5 —50; 6-100. 


Table 5.1 Corrosion rate of stainless steel 18-10 in a solution of 50% NaOH at 120°C after 5h 
galvanostatic testing at different current densities 


Current density, mA/cm? 1 5 10 20 50 100 
Corrosion rate, g/m? h 6.3 5:2 2.4 1.6 1.0 5.5 


Under the action of an external anodic current, the electrochemical process of 
oxygen evolution takes place on the passive nickel surface. 


5.2.2. Technological solution for producing sodium perborate 


The technological solution for producing sodium perborate, which contains 150 g/1 
NasCO3, 25 g/l NaHCO; and 7 g/l B2O3 at a temperature of 15°C, is alkaline 
(pH 10). 

During the 5h long corrosion tests of stainless steel 18-10 specimens, no 
noticeable weight losses of the specimens were revealed, and the metal surface 
remained shiny. 

Studies under the conditions of potentiodynamic polarization have shown that 
the open circuit potential of steel (about 0 V) relates to its passive state. On the 
anodic polarization curve, at a potential above 1.05 V, there is a bend correspond- 
ing to the beginning of oxygen evolution (Figure 5.4), which has a Taffel character. 

At anodic galvanostatic polarization by a current density of 20 mA/cm”, a stable 
potential of 1.35 V was immediately achieved. The corrosion rate at this potential 
value did not exceed 0.06 g/m? h. 

Under the conditions of potentiostatic polarization at a potential of 1.8 V, the 
corrosion rate was insignificant, below 0.1 mA/cm*. Only at a potential value as 
high as 1.9 V, at which the current density reached a value of 100 mA/ cm’, did the 
corrosion rate of the steel increase to 0.7-1.4 g/m7 h. This growth in the corrosion 
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Figure 5.4 Anodic polarization curve on stainless steel 18-10 in a solution for producing 


sodium perborate (150 g/l NaxCO3, 25 g/l NaHCO; and 7 g/l B.O;). Temperature 15°C. 


rate of the stainless steel can be attributed to the same causes that were discussed 
when the corrosion behavior of carbon and stainless steels in alkaline solutions were 
considered at the potentials of oxygen evolution. 

Thus, under the considered conditions, stainless steel 18-10 maintains its 
passive state up to a potential of 1.8V. Thereafter, electrochemical process of 
the oxidation of hydroxyl ions takes place on the metal surface at a fairly high 
velocity, and practically all the current is spent on this process. These results 
explain how piping and equipment made of stainless steel maintain their corrosion 
stability in the zone of action of leakage currents in the electrochemical perborate 
production plant. 


5.2.3. Acid sulfate containing electrolyte for copper electrorefining 


Stainless steel 18-10 maintains its corrosion stability in dilute solutions of sulfuric 
acid up to a concentration of 10% at room temperature, if there is no influence of 
any other additional corrosion factors [22]. As the temperature increases, the field of 
its stability further decreases. 

In the electrolyte for copper electrorefining, at a sulfuric acid concentration of 
130 g/l and a temperature of 65°C, steel 18-10 is passive, owing to the presence 
of divalent copper, which plays the part of an oxidizer [22]. Corrosion tests have 
shown that in a solution of pure sulfuric acid, at the same concentration and 
temperature, the open circuit potential of steel 18-10 is equal to —0.095 V and the 
corrosion rate exceeds 30 g/m*h. It is seen from Figure 5.5 (curve 1) that steel 
18-10 actively corrodes at this potential value and its passivation potential is 
above 0.1V. 

In a solution containing 130 g/l CuSO,, which is similar to the technological 
solution of copper electrorefining, the open circuit potential of stainless steel is 
much more positive (0.6 V). At this potential value, stainless steel is in a passive 
state, which is proved by the results of the corrosion tests. After 5h long tests, its 
corrosion rate did not exceed 0.04 g/m*h. Thus, the presence of Cu~~ ions in the 
solution is the cause of the steel passivation. 
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Figure 5.5 Anodic polarization plots on stainless steel 18-10 in solutions: 1 — 130 g/1 H2SO4; 
2 — 130 g/1 H,SO,4+ 130 g/l CuSO,4. Temperature 65°C. 


The bends that are seen on curves 1 and 2 (Figure 5.5) at potentials 1.1-1.2 V 
are related to stainless steel transpassivation, which occurs as a result of the forma- 
tion of compounds with the highest metal valence [23]. 

Corrosion tests at the galvanostatic polarization of steel 18-10 carried out in the 
technological solution of copper electrorefining have shown that at current densities 
of 0.2, 1 and 20 mA/cm’, the metal potential shifts, respectively, to the values 1.2, 1.3 
and 1.5 V and the corrosion rates are, respectively, 0.6, 4.6 and 117 g/ mh. A rough 
estimation indicates that the anodic current is mainly spent on the metal dissolution. 
Thus, admissible values of the metal potential under these conditions are in the range 
from the open circuit potential (0.6 V) to the transpassivation potential (1.1 V). 

The transpassivation potential is reached at low current densities of less than 
1mA/cm°. Therefore, the potential shift to the transpassivation area under attack 
by an external anodic current is the most probable. 

Cases of corrosion damage were formerly noted in the areas of flange connec- 
tions on the stainless steel 18-10 piping. Weld seams and crevices under the gaskets 
are located in these areas. For this reason, corrosion tests were carried out on 
specimens with weld seams and artificial crevices. 

In galvanostatic (0.2 mA/ cm’) corrosion tests of specimens with artificial 
crevices, no difference was revealed between the corrosion behavior of the metal 
inside a crevice and in the bulk of the solution. 

In galvanostatic tests of specimens with weld seams at the anodic current densities 
0.2, 1 and 20 mA/ cm”, the potential values that were installed on the specimens with 
and without weld seams were similar. However, after the tests, the weld seams and heat- 
affected zones were clearly seen on the welded specimens. These areas had undergone 
preferential etching. This was caused by structure—phase transformations that had taken 
place in the metal during the process of welding, which led to electrochemical irregu- 
larity of the weld seams and to a reduction in their corrosion stability with respect to the 
basic metal [24]. 

It can be concluded that attack by external anodic currents causes the corrosion of 
stainless steel 18-10 in sulfuric acid solutions as a result of transpassivation, and 
stimulates corrosion damage of the weld seams and of the thermally-affected zones. 
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CHAPTER 6 
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6.1. CORROSION AND ELECTROCHEMICAL CHARACTERISTICS 
OF TITANIUM 


During the period of extensive growth of the application of titanium in 
aggressive media in chemical and other branches of industry, wide investigations 
of its corrosion and electrochemical behavior were carried out all over the world. 
Thanks to these investigations, a great amount of data has accumulated up to the 
present on the physicochemical and electrochemical properties of titanium which 
determine its corrosion resistance. 

Titanium is a thermodynamically unstable metal: the ionization potential of the 
reaction Ti= Ti** + 3e” is equal to —1.23 V [1]. The corrosion stability of titanium 
is determined by its strong ability to passivate and by the high stability of the passive 
oxide film that is formed on its surface. Owing to the protective properties of this 
film, titanium possesses high corrosion resistance in many acid, neutral and alkaline 
media, including media containing activators such as chlor-ions [2]. 
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Figure 6.1 Simplified equilibrium potential—pH diagram for titanium in aqueous solutions 
at temperature 25°C [4]. 


The compositions and properties of the passive films that are formed on the 
surface of titanium depend on the pH, the composition and the temperature of the 
environment. The main oxides that a provide passive state to titanium are TiO, 
TipO3 and TiOz [3]. The areas of their stability are indicated in an equilibrium 
potential-pH diagram for titanium (Figure 6.1). In acid solutions, along with 
oxides, hydrides of various compositions, up to TiHs, are formed under some 
conditions, which also exert an influence on the state of the metal surface. 

In the presence of oxidizers, and under anodic polarization, a phase film of 
titanium dioxide TiO>, which has a structure of rutile or anatase, is formed on the 
metal surface. As the potential and exposure time increase, the share of anatase in 
the oxide film increases [5]. 

Titanium belongs to the group of valve metals. The oxide film that is formed on 
its surface functions as a diode: it allows a cathodic current to pass through and 
almost completely cuts off the metal surface for the passage of an anodic current. 

The presence of oxidizers, which is most typical for the aggressive media of electro- 
chemical plants, does not reduce the corrosion stability of titanium, and, in most cases, 
even increases it. For example, in hydrochloric acid solutions, in the presence of dissolved 
chlorine, the potential of titanium shifts from the active state to the passive field, as in the 
case of anodic protection. As a result, the corrosion process on titanium stops [6]. Under 
similar conditions, 1.e., in the simultaneous presence of strong oxidizers and activators in 
the solutions, structural metals, such as stainless steels corrode at extremely high rates. 

Just by having the ability to maintain corrosion stability in media containing 
oxidizers and activators simultaneously, titanium found widespread application in 
electrochemical plants and, particularly, in chlor-alkali electrolysis plants, away 
from the zones of leakage currents attack. However, as shown in Chapter 4, in 
the action zones of leakage currents, titanium can undergo intensive corrosion. 

Of particular interest is the corrosion and electrochemical behavior of titanium 
in the high value areas of anodic and cathodic potentials, to which the metal shifts as 
a result of attack by external currents of anodic and cathodic directions. 
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6.2. CHLORIDE AND CHLORIDE-ALKALI MEDIA OF CHLORINE- 
PRODUCING ELECTROCHEMICAL PLANTS 


Most of the published results of investigations of the corrosion and electroche- 
mical behavior of titanium were limited by the positive values of potentials 1.5-2 V, 
since they were carried out without considering the influence of external currents. In 
the absence of external currents, titanium potentials do not surpass these values. In 
chloride and sulfate solutions of all concentrations up to a temperature of 100°C and a 
pH of 1.5 (in the direction of its reduction), titanium has a stable passive state [2]. Some 
rise in the current density over the range of potentials 1.5-2V was noted on the 
polarization curves obtained on a passive metal in NaCl solutions, which was explained 
in Ref. [7] as the result of chlorine evolution. In the long run, the polarization current 
density in the passive state goes down owing to the growth of an oxide film barrier. 

The values of the activation potentials of titanium in NaCl solutions at tempera- 
tures of 20-100°C, in accordance with data cited by different authors [8-11], are 
within the range 15-5 V. Such a large range of potentials is explained by a profound 
dependence of the activation potential E,, on the temperature. With the temperature 
increasing, the E, shifts to the negative side [9-11]. The dependence of the E, on the 
NaCl concentration and the pH 1s significantly lower. Under reduction of the pH 
from 7 to 1.5 and an increase in the NaCl concentration by 1—2 orders of magnitude, 
the E, shifts to the negative side only by a few tenths of a volt [8, 11]. 

The values of the activation potentials of titanium are strongly dependent on the 
type of the ion activator. In KBr and KI solutions, the activation of titanium occurs at 
potentials which are significantly more negative than the activation potentials in 
chloride solutions: within the boundaries, 1.5—3 and 0.5-3 V, respectively [11]. The 
decisive influence of the anions on the E, values indicates that the activation process 
occurs in accordance with the mechanism of pitting. It is interesting to note that the 
activating influence of the halogen ions increases in the order” > Br” > Cl, while 
the strength of their influence on stainless steels is in the reverse order [12]. 

The decisive influence of the anions on the activation potential of titanium is 
proven by the fact that in chloride solutions the potential of the anodic activation of 
titanium is much more negative than in sulfate solutions, in which it attains 80— 
150 V [13, 14]. In phosphoric acid, the activation potential of titanium is above 
400 V [15]. Destruction of the protective film at such high values of activation 
potential takes place as a result of its electrical breakdown [4]. 

Sulfate ions suppress the activating influence of chlor-ions, not only in the case of 
metals such as stainless steels [16], but also in the case of titanium. In accordance with 
the data in Ref. [17], as a result of a variation in the NiSO4/NiCl, concentration ratio 
from 176/99 to 220/61.5, the activation potential of titanium in its electrochemical 
polishing solutions increased from 10.7 to 60 V. An increase in the activation potential 
of titanium when sulfate was added to chloride solution was also noted in Ref. [18]. 
These data show that in each specific case, special studies are necessary to assess the 
state of titanium in the presence of an external anodic current. 

In the mid 1970s, work was performed by Mazza [19] which was assumed to be 
unique, in which the anodic activation of titanium by an external anodic current 
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under electrolysis conditions was considered. The results of investigations on the 
corrosion behavior of titanium in hot (80°C) concentrated (310 g/l) NaCl solution, 
at high anodic potentials, are given in this work. These results were obtained under 
conditions of crevice formation under the deposits that formed on the metal 
surface. The formation of these crevices leads to a shift in the E, from 10 to 7 V. 
Mazza explains the facilitation of the metal activation by acidification of the 
solution inside the crevices, which occurs as a result of the occurrance of the 
anodic process and hydrolysis of the anodic reaction products, as well as the rise 
in the chlor-ion concentration. It should be noted that also in later works [20], the 
elevated tendency of titanium to activation inside crevices under the conditions of 
anodic polarization was noticed. 

Anodic potentiodynamic (2.88 V/h) polarization curves obtained on titanium 
in chloride (curves 1 and 2) and chloride-alkali (curve 3) solutions are shown in 
Figure 6.2. It can be seen, in accordance with above-cited data [7], that an increase 
in the current density, which is connected with the anodic process of chlorine 
evolution and simultaneous formation of an oxide film barrier, was observed within 
the range of potentials 1.6—2 V. At a potential of 2 V, the current density attained in 
the concentrated NaCl solution was about double that attained in the dilute 
solution, but further on, this difference slightly diminished. On increasing the 
potential further, a slow rise in the current density was observed up to the activation 
potential E,, which is indicated by arrows. Somewhat lower values of the current 
density in the concentrated chloride solution at potentials above 2 V may be related 
to the significantly lower concentration of water molecules, which are donors of 
oxygen for the oxide film. Moreover, data given in Ref. [21] on the slowing down 
of the anodic processes on a passive metal under some conditions, when anions are 
adsorbed on the metal surface, must be taken into account. 

In the considered field of potentials, the anodic current was mainly spent on the 
formation of the oxide film [22], which plays the part of a barrier layer. 
This was proved in experiments with a long-time (5h) exposure of specimens to 
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Figure 6.2 Anodic polarization plots on titanium in solutions of 1 and 300 g/1 NaCl (plots 1 
and 2, respectively) and in a solution of 120 g/] NaOH + 200 g/1 NaCl (plot 3). Temperature, 
90°C. 
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Figure 6.3. Chronograms of current density at potentiostatic polarization of titanium in a 
solution of 1 g/1 NaCl at potentials (V): 1-2; 2-—4;3-—6. Temperature, 90°C. 


constant potentials (Figure 6.3). During this exposure time, the current density almost 
stabilizes and at a potential of 6 V diminishes by 8—9 times, and at a potential of 2 V by 
more than one order of magnitude. The more positive the polarization potential, the 
faster the growth of the barrier film and, consequently, the faster the reduction in the 
current density. At the same time, the stabilized value of the current density at a 
potential of 6 V is an order of magnitude higher than at a potential of 2 V. 

In chloride-alkali solutions, within the range of potentials of 0.5-1.5 V, a Taftel 
character is observed of the dependence of the current density on the potential 
(Figure 6.2, curve 3). The only possible anodic process that can take place in this 
area of potentials is oxygen evolution. The values of the anodic current densities at 
potentials from 0.5 V up to the activation potential are 1—2 orders of magnitude 
higher than those in chloride solutions. In Refs. [23, 24], it is suggested that this 
effect is related to different mechanisms of oxygen evolution in neutral and alkaline 
solutions. In the latter case, oxide barriers are not formed on the metal surface 
during the anodic oxidation of hydroxy] ions. 

Values of the activation potential in solutions of 1 and 300 g/l of NaCl at a 
temperature of 90°C are equal, respectively, to 6.2-6.4 and 5.8-6.0 V. An increase 
in the chloride concentration by more than two orders of magnitude leads to a shift 
in the potential to the negative side by only 0.2-0.4 V. 

In a chloride-alkali solution, E, is equal to 6.5—6.6 V, i.e., it is quite close to the 
values of the activation potential in neutral solutions of chloride. 

Limited studies were carried out to estimate the influence of the dissolved 
chlorine on the anodic behavior of titanium in a dilute (1 g/l) solution of NaCl. 
A condensate of a similar composition is formed inside the wet chlorine lines in 
chlor-alkali plants. The open circuit potential of titanium in a solution saturated with 
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chlorine (by bubbling chlorine through the solution for 1 h) is 0.88 V, i.e., it is much 
more positive than in the absence of dissolved chlorine (—0.06 V). In a chlorine- 
saturated solution, the value of the potential E, is about 0.2 V more negative than in a 
solution without chlorine. This may be explained by the acidification of the chlorine- 
saturated solution to pH 1.6—2 as a result of chlorine hydrolysis. Acidification with 
hydrochloric acid of a solution that does not contain chlorine to pH 1.6 also leads to a 
shift of the E, to the negative side by about 0.2 V. These results show that dissolved 
chlorine does not influence the protective properties of the oxide film at the higher 
values of the activation potential. Moreover, they are in line with the data cited above 
on the low dependence of E, on the concentration of chlor-ions and the pH [11]. 

Owing to the dynamic character of the polarization curves presented in Figure 
6.2, the values of the current densities at which anodic activation of the metal is 
attained are exaggerated. To find more exact values of the current densities at 
which the E, is attained in chloride and chloride-alkali solutions, chronograms of 
the potentials were studied at different current densities (Figure 6.4). The minimal 
current density at which E, was attained in 1 g/l NaCl solution was equal to 
0.2mA/cm* (curve 1). As the current density increased, the rate of the shift in 
the potential to the positive side also increased: at 0.2 mA/cm”, E, was attained after 
3h of polarization, and at 1mA/cm7, after as short a time period of 5-10 min 
(curves 1-3). The E, values obtained in the galvanostatic regime were slightly more 
positive than the values obtained in the potentiodynamic regime of polarization 
(see Figure 6.2). 

In 300 g/I NaCl solution, at a current density of 0.1 mA/cm’, E, was reached after 
30-40 h of polarization. This shows that titanium activation in neutral and mildly 
acidic chloride solutions occurs at low values of anodic current density. 

At the same time, in a solution of 120g/1 NaOH+200g/1 NaCl, at a 
current density which is an order of magnitude higher (1 mA/ cm’), the 
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Figure 6.4 Chronograms of titanium potential in solutions of 1 g/1 NaCl (plots 1-3) andina 
solution of 120 g/1 NaOH +200 g/I NaCl at current densities (mA/cm”): 1 — 0.2; 2 — 0.5; 3, 
4-1;5-10. Temperature, 90°C. 
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potential is stabilized at a value of 2.4V (curve 4) and the titanium does not 
undergo corrosion. This confirms once more the above-mentioned suggestion 
as to the higher conductivity of the oxide film that is formed in alkaline 
solutions. However, at a current density of 10 mA/ cm’, the titanium potential 
shifts instantly to the area of activation (curve 5). 

A drastic proliferation of current takes place when the activation potential E, is 
reached under potentiodynamic polarization (see Figure 6.2). As anodic activation 
is attained in the galvanostatic regime of polarization, oscillations in the potential 
are observed around the potential E, (Figure 6.4). In all cases, after the metal 
exposure at the potential E,, pits filled with white corrosion products of titanium 
dioxide are formed on the metal surface. 

It was already noted that anodic activation of titanium in the presence of chlor- 
ions proceeds according to the mechanism of pitting. Hence, under the given 
conditions, the activation potential E, of titanium has to be considered as a critical 
pitting potential. Under the potentiostatic regime of polarization, metal activation 
does not occur below the E, value, and only current reduction is observed (see 
Figure 6.3). Even metal exposure to a potential of 6 V, only 0.2 V below the E, 
value, does not lead to metal activation. 

Assessment of the weight loss of titanium specimens after polarization at constant 
current densities, under the conditions of pitting formation, has shown that about 
70% of the current is spent on metal dissolution (taking into account the Ti** ions). 
The rest of the current is spent on the anodic evolution of gases (chlorine and 
oxygen) and on titanium oxidation at high anodic potentials [18]. 


6.3. ELECTROLYTE FOR COPPER ELECTROREFINING 


Electrolytes for copper electrorefining belong to the most typically aggressive 
environments of electrochemical plants, producing pure metals by their deposition 
from aqueous solutions. Their aggressiveness to structural metals is explained by the 
high acidity and elevated temperatures (60—70°C). The compositions of the elec- 
trolytes used for copper electrorefining do not differ significantly in different 
countries [1]. The results of studies carried out with a solution of average composi- 
tion conforming to the electrolyte of a typical copper electrorefining plant (see 
Table 3.3), are considered below. 

There are data [2] indicating that titanium possesses corrosion stability in dilute 
sulfuric acid at concentrations of up to 5% at room temperature and only up to 
0.2% at 100°C. Corrosion studies have shown that the corrosion rate of titanium in 
a pure solution of 130 g/l H.SOg,, at a temperature of 60°C, is very high, 37 g/ 
nv h, and the open circuit potential of the corroding titanium is equal to —0.465 V. 
At the same time, in the electrorefining electrolyte, the open circuit potential 
is stabilized at a value of 0.6 V, and the weight losses are close to zero. 

An area of active metal dissolution is seen in the anodic polarization curve 
obtained on titanium in a solution of 130 g/l H2SO, at a temperature of 60°C 


86 Electrocorrosion and Protection of Metals 


¢ 
5 2.5 - 
o 
= 
= 2.0 - 
Wy 1 
15- 2 
1.0- 
0.5 - 
o- 
! ! ! ! 


6 5 4 3 
log i (i, A/cm?) 


Figure 6.5 Anodic polarization plots on titanium in solutions: 1-130g/1 H.SO,; 
2 — technological solution of copper electrorefining. Temperature, 60°C. 


(Figure 6.5, curve 1). The potential of complete titanium passivation in this 
solution is equal to 0.1 V, 1.e., it is about 0.5 V more negative than the open circuit 
potential in the technological solution. As in the case of stainless steel, titanium 
passivation is caused by Cu~~ ions, which raise the oxidation—reduction potential of 
the technological solution. 

Upon a further increase of the potential, a slow growth of current takes place 
(curve 2), which is mainly spent, as noted above, on oxygen evolution and oxide 
film formation [13]. 

Cylindrical specimens, 1, of diameter 10mm and working surface area 8 cm? 
were tested under conditions of galvanostatic polarization. Specimens of this 
kind are shown in Figure 6.6a. Their connection with the power source was 
through a metallic rod, 2, isolated from the solution by a glass tube, 3, and a 
sealing gasket of Teflon, 4. In the considered works, the specimens were 
studied without the rubber ring shown in Figure 6.6a. At a current density 
of 20 mA/cm?, the potential of the titanium shifted to 150-155 V (Figure 6.7, 
curve 1) and a thick gray film which increased the mass of the specimen by 
1 mg/cm* formed on the metal surface. In a similar, repeat 5h long polariza- 
tion test on the previously oxidized titanium specimen, a similar character of 
dependence of the potential on time was observed. However, damage of a 
local character occured at the edges and under the Teflon gasket. The total 
surface area of the damage was ~0.02cm*, and the weight losses were 
about 1 mg/cm”. 

At a current density of 50 mA/cm_’, the potential reached values of 140-150 V 
over 5h of polarization (curve 2), and after that shifted slightly to the negative side 
and varied in the range 130-140 V. In this case, the damaged surface area and the 
weight losses increased, respectively, to 0.06cm* and ~8mg/cm*. The damage 
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Figure 6.6 Specimens with artificial crevices produced by: a — rubber ring; b — bush of 
Teflon. 1— specimen; 2— metallic rod (current lead); 3 — isolating glass tube; 4 — Teflon gasket. 
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Figure 6.7 Chronograms of titanium potentials in technological solution of copper 
electrorefining under galvanostatic polarization by anodic current densities (mA/cm”): 1 — 20; 


2-50. Temperature, 60°C. 


tended to localize close to the Teflon gasket, but also appeared on other areas on the 
surface of the specimens. 

High values of the activation potential E, indicate that under the conditions 
of interest, the activation occurred as a result of electrical breakdown of the 
oxide film on the titanium. Particular damage at the edge, close to the gasket, 
was due, most probably, to the effect of film spalling at the edge of the area 
and, in addition, to the stress produced by pressing the gasket onto the speci- 
men. However, these effects are slight, which is proved by the fact that in both 
cases the values of E, were close to each other. In galvanostatic studies of 
spade-shaped specimens bent at 90° (to produce internal stresses), the E, value 
was also not significantly changed. 
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6.4. MEDIA OF NICKEL ELECTROREFINING 


Sulfates and chlorides, the components that form a part of the composition of 
the electrolytes (catholyte and anolyte) of nickel electrorefining, are typical for 
ageressive media of the chemical and non-ferrous metallurgical industries. The 
ageressiveness of the catholyte and anolyte is mainly determined by a high con- 
centration of chloride, a low pH and an elevated temperature of these solutions. 

Studies were carried out in a solution conforming to a typical catholyte 
composition in a nickel electrorefining plant. Some experiments were done in an 
anolyte — a solution which included, along with the components presented in Table 
3.3, ions of Cu~* (1 g/l) and Fe** (0.8 g/l). 

Corrosion tests lasting 30h showed that in the absence of an external current, 
titanium maintains its corrosion stability in the considered solutions. During the time 
of testing, the specimens did not lose their metallic shine. The open circuit potential, 
which stabilized after 1 h of immersion of the specimens into the solution, was equal 
to 0.35 V in the catholyte and 0.7 V in the anolyte. The higher potential value in the 
anolyte is explained by the presence of Cu* and Fe”~ ions in this solution. 

At the potentiodynamic polarization (0.72 V/h), the beginning of a rise in the 
current, which was related to the evolution of oxygen and chlorine on surface of the 
titanium, was noted at potentials 1.3-1.4V (Figure 6.8). Above these potentials, 
the current density was significantly higher than those in pure chloride or sulfate 
solutions. For example, at a potential of 3.8 V, a current density of about 50 mA/cm* 
was reached, and a dark-yellow oxide film formed on the metal surface. 

The results of potentiostatic oxidation at potentials 2, 3 and 4 V are displayed in 
Figure 6.9. Initially (0.5 h), the current density went down to values that were 2—3 
orders lower than that at potentiodynamic polarization. However, after this period 
of time, a new current density growth occurred, which indicated some changes in 
the structure of the oxide film during the process of a long-time the polarization. As 
the polarization potential was increased from 2 to 4V, the current density in the 
passive state increased by one order of magnitude. 
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Figure 6.8 Anodic polarization plots on titanium in solutions of nickel electrorefining: 
1- catholyte; 2— anolyte. Temperature, 90°C. 
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Figure 6.9 Chronograms of current density on titanium in catholyte of nickel 
electrorefining at potentials (V): 1 — 2; 2 — 3; 3 — 4. Temperature, 85°C. 


Under the conditions of long-time galvanostatic polarization, the titanium 
potential shifted to the positive side, up to the value of the activation potential E, 
equal to 80-85 V (Figure 6.10). Destruction of the passive film, which occurs at 
this potential, is accompanied by intense local corrosion of the titanium. The time 
taken to reach the value of E, depends on the density of the polarization current. 
When it was increased from 5 to 50 mA/cm’, the time went down from 25-30 to 
10h. Two areas are notable on the obtained curves. Area A (0.5—1 h) is character- 
ized by a fast shift to some potential value. The higher the current density, the 
higher this potential. At the area B, the potential slowly shifts up to the value of E,. 

The obtained values of E, are in compliance with the data given in work [17], 
in which the results of studies of titanium in chloride—sulfate solutions are presented. 
The more negative values of E, in these solutions, with respect to sulfate solutions of 
copper electrorefining, are explained by the presence of chlor-ions and by the higher 
solution temperature. The influence of the chlor-ions indicates that these ions 
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Figure 6.10 Chronograms of titanium potential in catholyte of nickel electrorefining at 
current densities (mA/cm?): 1 — 5; 2 — 20; 3 — 50. Temperature, 85°C. 
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are involved in the act of metal activation. This suggests that anodic activation of 
titanium in a chloride-sulfate solution cannot be considered as a result of electrical 
breakdown, despite the relatively high E, value. 

Moreover, the results of experiments under conditions of galvanostatic polarization 
point to a high susceptibility of the activation potential E, to the crevice effect and to 
the factors connected with the state of the metal surface. In some experiments, metal 
activation occurred at potentials that were significantly below 80 V. Upon inspection 
of these specimens, after testing, it was revealed that the area of the edges (where the 
defects in the passive film are most probable) and the area close to the Luggin capillary 
(where elevated chloride concentration and crevice effects are possible) are most often 
damaged. In this connection, investigations of the susceptibility of titanium to the 
presence of welding seams and crevices were carried out. The most accessible and close 
criterion to the actual conditions for the estimation of this influence is the change in the 
activation potential E, in the presence of crevices and welding seams. 


6.5. INFLUENCE OF WELDING SEAMS AND CREVICES 


The presence of welding seams and crevices under gaskets is most typical for 
flange connections of piping and nozzles of different kinds of equipment. As already 
noted, these areas usually coincide with terminal parts of tubes and other structures 
and are therefore most often attacked by leakage currents. As the corrosion 
resistance of the metal can be the lowest in the areas of the welding seams and 
crevices, the influence of these structural-technological factors must first of all be 
taken into account in the presence of leakage currents. 


6.5.1. Welding seams 


The corrosion resistance of titanium welding seams is in most cases, close to the 
corrosion resistance of the basic metal [2]. However, there are data [25, 26] to 
prove that in environments containing strong oxidizers (nitric acid, chlorine diox- 
ide, mixtures of chromic and hydrofluoric acids, etc.) severe corrosion of titanium 
welding seams and of heat-affected areas develops. It is suggested in Ref. [26] that 
the cause of corrosion damage of welding seams is the preferential dissolution of 
titanium. The B-phase is formed in the zone of a welding seam as a result of the 
heating—cooling cycles, and it contains elevated concentrations of iron. The corro- 
sion stability of the B-phase is, in general, higher than the stability of the a-phase 
[27]. The reduction of the passivating properties of the B-phase under the con- 
sidered conditions is connected to its elevated iron content. 

A change in the welding seam structure, leading to the formation of a meta- 
stable, coarse-needled ot-phase, similar to martensite, may also be a cause of the 
reduction in the corrosion stability of the welding seams. The lattice parameters of 
this phase slightly differ from the parameters of the O-titanium lattice [27]. More- 
over, saturation by oxygen, nitrogen and hydrogen in the process of welding also 
reduces the corrosion stability of the titanium welding seams [27]. Hydrogen has 
the most negative influence because it promotes porosity of the welding seams [28]. 
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The destruction of the welding seams can be promoted by uneven heating of the 
metal during the welding process which produces internal stresses in the superficial 
metal layer and hinders the formation of a perfect and regular passive film. 

As the influence of the external anodic current is, in some respects, similar to the 
influence of oxidizers, it was necessary to study its influence on the corrosion 
stability of welding seams. Titanium test specimens in the form of 1 mm thick plates 
were produced by welding two similar pieces together to give a total working 
surface area of 6cm’. The welding beads formed after the argon-arc welding were 
ground, to obtain flat specimens. Other operations of the surface treatment of the 
specimens before testing (degreasing, washing and drying) were carried out as usual. 

The value of the activation potential E, of the welded titanium in 1 g/l NaCl 
solution at temperature of 90°C decreased by only ~0.2 V (to 6-6.2 V), but the 
damage was concentrated preferentially in the areas of welding seams and heat- 
affected zones. These results indicate that, in general, the corrosion stability of a 
welded titanium construction in chloride solutions is insignificantly reduced under 
attack by external anodic currents, but that it is necessary to avoid the presence of 
the welding seams in areas where the leakage currents may have maximal values. 

Under galvanostatic polarization of the welded titanium specimens in the 
solution of copper electrorefining at a current density of 5mA/cm”, the potential 
E, dropped drastically, from 140-150 to 9.5-10 V (Figure 6.11, curve 1). 

A drastic reduction of the E,, from 80-85 to 5.4-5.6 V, under galvanostatic 
polarization of welded titanium specimens in the nickel electrorefining catholyte 
also took place (Figure 6.11, curve 2). 

The potential E, was attained in both cases during the first half hour of 
polarization. The damages was clearly limited to the welding and heat-affected 
zones and was not found outside these zones. 

The possible causes of the reduction in the corrosion stability of titanium 
welding seams were considered above. As a result of a reduction in the metal 
passivation ability on the welding seam and in the heat-affected zones, the major part 
of the external current is concentrated in the areas of the damaged passive film, and 
the local current density in these areas becomes higher than those on the rest of the 


ar 1 

= 

Z 104 

o 

z 

= 

Ww 8 

2 

—— 
4 i i i i i 
0 1 2 3 4 5 1,h 


Figure 6.11 Chronograms of potential of welded titanium specimens in electrorefining 
solutions of: 1 — copper; 2 — nickel. Temperatures, respectively, 60 and 85°C. 
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metal surface. This might be the cause of the high susceptibility of the welding seams 
to attack by external anodic currents. 

It should be noted that the E, values of welded titanium in chloride and in 
chloride—sulfate solutions are close to each other. As noted above, sulfate ions 
suppress the activation effect of chlorine ions [17, 18]. It may be presumed that in 
the area of a welding seam, where the local value of the current density is elevated, 
such a change in the ratio of the concentrations of the Cl” and SO, ions occurs 
where the SO,” ions do not suppress the activation effect of the Cl” ions. Data [17] 
on reducing the E, from 60 to 10.7 V by changing this ratio, point to such a possibility. 
These FE, values are of the same order as the E, values obtained on titanium and on 
titanium welding seams in the nickel electrorefining solution. As was already suggested, 
the low E, value may indicate that the most possible mechanism of titanium activation 
is pitting. Thus, in the area of the damaged passive film and, consequently, of elevated 
local current density, the concentration of chlor-ions increases and this leads to a 
breakdown of the passive film at a much more negative potential. 


6.5.2. Artificial crevices 


Crevice corrosion of titanium, in the absence of attack by internal currents, is well- 
studied. It has been found that the protective properties of the passive film assure the 
corrosion stability of titanium structures in the areas of crevices and gaps in most 
neutral environments, including chloride-containing media, at temperatures of up to 
100°C [2]. Above100°C, titanium is prone to crevice corrosion in neutral solutions; 
in acid solutions crevice corrosion occurs at lower temperatures [29-33]. Depletion 
of the solution inside the crevices by oxygen is one of the major causes of titanium 
activation. Therewith, the crevice effect occurs as a result of acidity elevation [29-31] 
or due to the accumulation of Ti?’ ions, which reduce the redox potential of 
the solution. Japanese researchers explain the crevice corrosion of titanium in 
concentrated chloride solutions by salt deposition inside the crevice and by depletion 
in the solution of water molecules, which play the part of a passivation agent [33]. 
As cited above (see Chapter 5), American researchers also explain the crevice 
corrosion of titanium in wet chlorine and chlorinated water by dehydration of the 
solution. 

Investigations of crevice corrosion under attack by external anodic currents 
were carried out under galvanostatic polarization of 20 mm long cylindrical speci- 
mens of 10mm diameter. The crevice effect was produced with the help ofa 4mm 
wide rubber ring of internal diameter 8mm. The ring was placed on the middle 
part of the specimen (Figure 6.6a). Since the tension of the ring was low, a crevice 
was produced between the ring and the specimen. The ratio of the surface area 
inside the crevice to the open surface area of the specimen was 1:5. Experiments 
were carried out in sulfate and in chloride—sulfate solutions (electrolytes of copper 
and nickel electrorefining). 

The estimation of the influence of the gap width in a chloride—sulfate solution 
was also carried out on cylindrical specimens that were mounted inside a bush made 
of Teflon (Figure 6.6b). The gap width 6 between the specimen and the internal 
surface of the bush was regulated in the range 0.1-2 mm by mounting bushes of 
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different internal diameters. The ratio of the surface areas inside the crevice and on 
the open surface (end face) of the specimen was in this case equal to 6:1. Sealing 
between the specimen and the glass tube isolating the metallic rod (current lead) from 
the solution was provided by a collar disposed at the upper end of the Teflon bush 
(see Figure 6.6b). A similar method of testing crevice corrosion is described 
in Ref. [30]. 

Studies were carried out at current densities of 5-50 mA/cm” in acid sulfate and 
of 1-5 mA/cm? in chloride-sulfate solutions. The duration of the experiments on 
specimens with and without crevices was, respectively, 5h and 5-30 h. 

Experiments in 1 g/l NaCl solution were executed only on cylindrical speci- 
mens without artificial crevices. The development of the crevice effect was in this 
case taken into account when it was fixed under the sealing gasket, 4, between the 
specimen, 1, and the glass tube, 3 (see Figure 6.6a). 

The same experiments were carried out in a solution that had the same composition 
as the nickel electrorefining catholyte, but without chlor-ions. Specimens without 
artificial crevices were also tested in a chloride—sulfate solution, in which the NiCl>/ 
NiSO, ratio was equal to 120/171. 

As already noted, in chloride solutions at temperatures below 100°C, 
including chlorine saturated solutions, no corrosion of titanium was observed in 
the absence of external anodic current. When the potential E, was attained under a 
long-time galvanostatic polarization at an anodic current density of 0.2-1 mA/cm’, 
the major damage was concentrated around the gasket which was pressed to 
the upper end surface of the specimen (Figure 6.12). This indicates the 
crevice effect of titanium in chloride solutions under attack by an anodic current. 
On the other hand, as seen from Figure 6.12, the damage appeared not only 


Figure 6.12 Corrosion inthe crevice under the gasket and outside the crevice, at the end face of 
a cylindrical titanium specimen, after anodic polarization in 1 g/] NaCl solution. Temperature, 
90°C. Magnification x 8. 
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around the crevice, but also on other areas of the metal surface. Hence, it may be 
assumed that under the conditions of interest, the difference in the E, values inside 
the crevice and on the open surface of the metal is insignificant. The observed 
crevice effect is, most probably, stimulated by an increase in the chlor-ions and 
reduction of the pH inside the crevice. As shown, the pH value and chloride 
concentration exert a slight influence on the E, value of titanium in a chloride 
solution, which explains the low exertion of the crevice effect on the titanium in 
this solution. 

The open circuit potential of titanium specimens in a copper electrorefining solu- 
tion, with or without crevices, was equal to 0.6 V. In 30h long corrosion tests, the 
specimens with crevices produced by rubber rings did not undergo crevice corrosion. 

In similar tests with the impression of an external anodic current, it was found that 
the crevice effect is low. At a current density of 20mA/cm* the potential attained 
110 V in 5 hand continued to shift to the positive side. A gray oxide film formed over 
the entire specimen surface, except for the surface located under the rubber ring, and 
the weight of the specimen increased by ~1 mg. The surface under the ring retained 
its metallic shine. This may be explained by the hindrance to the growth of the oxide 
under the conditions of limited transfer of oxygen from the bulk of the solution into 
the crevice under the ring. Nevertheless, under the ring, no corrosion damage was 
noticed. At a current density of 50mA/cm”, the potential shifted to the values 
130-135 V and corrosion damage occurred only under the rubber ring (Figure 6.13, 
specimen 1) and did not propagate to other areas of the metal surface. The E, values 
under these conditions were about 5 V more negative inside the crevice than on the 
open surface of the metal. Against the background of such a high E, value, its 
reduction by 3—-4% can be considered insignificant. However, this effect must be 
taken into account in the copper electrorefining electrolyte, where the flange 
connections and other areas of the titanium structures, where crevices can be formed, 
are located only in the zones of attack by the maximal leakage currents. 

The potential-time dependence under the galvanostatic polarization of titanium 
specimens with crevices in the copper electrorefining solution is presented in 
Figure 6.14 (curve 1). It is similar to the dependence obtained in the absence of 


Figure 6.13 Corrosion damage of titanium specimens inside crevices produced by rubber rings 
after anodic polarization in solutions of: 1 — copper electrorefining, current density 50 mA/cm’; 
2—nickel electrorefining, current density 5 mA/cm?. Temperatures, respectively, 60 and 85°C. 
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Figure 6.14 Chronograms of potential of titanium specimens with artificial crevice, produced 
by a rubber ring, under polarization in solutions of electrorefining: 1 — copper; 2 — nickel. 
Polarization current densities, respectively, 50 and 5mA/cm’. Temperatures, respectively, 


60 and 85°C. 


crevices. In both cases, activation occurs as a result of electrical breakdown of the 
protective oxide film. 

In corrosion tests on titanium specimens with artificial crevices in the nickel 
electrorefining catholyte, no crevice effect was observed. The open circuit potential 
of the specimens with and without crevices was equal to 0.35 V. Under galvanostatic 
polarization of specimens with a rubber ring at a current density of 5mA/cm’, 
the potential instantly shifted to 8 V and then stabilized in about 15 min at values of 
5.35-5.45 V. After 5 h long polarization, deep local damage occurred in the area of the 
crevice and on the open surface close to this area (Figure 6.13, specimen 2). The rate of 
local corrosion was above 240 mm/year. Thus, in the nickel electrorefining solution, 
titanium is very prone to crevice corrosion under attack by an external anodic current. 
In the presence of crevices, the potential E, drops from 80 to 5.4 V. 

On the specimens with an artificial crevice produced by a Teflon bush, at a gap 
width 6 equal to 0.1-2 mm, titanium activation also occurred in a nickel electro- 
refining solution at low E, values (from 5.2 to 9V). The corrosion damage 
occurred at the mouth of the crevice and propagated to a distance of 5-7 mm 
inside the crevice. The concentration of the damage near the crevice mouth may be 
explained by the irregular potential and current distribution along the depth of the 
crevice. It is shown in Ref. [30] that the highest values of the potential and the 
current are reached at the crevice mouth and on the end face of the specimen and 
they decrease through the depth of the crevice. 

Along with the surface inside the crevice, the end face of the specimens located 
on the open surface of the specimen was also damaged. The wider the gap 6 (in 
the mentioned limits), the clearer the susceptibility to corrosion damage was the 
end face. At 6 values of 0.1-0.2mm, no corrosion of the end face was noticed; 
at 6=0.5mm, damage was visible in the crevice mouth and on the end face; at 
6 values of 1 and 2mm, the damage was preferentially concentrated on the end face. 
These results indicate that the crevice corrosion in the chloride—sulfate solution under 
attack by an external anodic current is caused not only by interference towards the 
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formation of the oxide film but also due to a change in the composition of the solution 
inside the crevice. It can be assumed that metal activation begins inside the crevice. 
Aggressive components that accumulate inside the crevice reach adjacent areas on the 
open surface of the specimen and promote their activation. The wider the crevice, the 
greater the volume of the accumulated aggressive components and the easier they leak 
out of the crevice toward the adjacent areas of the open metal surface. Similar 
contamination by aggressive corrosion products leaking out of pits, which can also 
be considered as crevices [16], was observed under the conditions of the anodic 
polarization of stainless steel in NaCl solutions [34]. 

The elevated aggressiveness of the solution inside the crevice is, most probably, 
connected with the accumulation of chlor-ions and with an increase in the acidity 
of the solution [30]. This was proved by the fact that in a solution of a similar 
composition, but which did not contain chlor-ions, no crevice corrosion of 
titanium under anodic polarization by a current density of 5 mA/cm* was observed. 

As in the experiments with welding seams, the E, values obtained on the speci- 
mens with crevices in a chloride—sulfate solution are close to the E, values found in 
solutions of pure chloride. It may be possible that under the conditions of anodic 
polarization, the ratio of the concentrations of chloride to sulfate inside the crevice 
increases. This, in turn, leads to a reduction of the effect of the sulfate in suppressing 
the activating influence of the chlor-ions. This cause of the E, reduction inside the 
crevice, supported by the data of work [17], was already taken into account when the 
results of the testing of welded seams were considered. Results from studies of 
titanium specimens without crevices in a solution with an elevated concentration 
of NaCl (120 ¢/1), with all other things being equal, are also in line with this 
suggestion. The E, in this solution was equal to 5.6—-5.7 V, i.e., it was quite close to 
the E, values obtained inside the crevice. It must also be taken into account that the 
activating influence of chlor-ions can increase when the acidity of the solution rises. 

The drastic reduction of the activation potential E, inside a crevice in a 
chloride-sulfate solution, under attack by an anodic current, resulting in the 
accumulation of chlorine ions and acidification of the solution inside the crevice 
passes, most probably, in accordance with the mechanism of pitting corrosion. At 
the same time, titanium activation at the open surface occurs, preferentially, as a 
result of an electrical breakdown of the passive film. 

It is obvious that the presence of the crevices must be taken into account when 
the corrosion stability of titanium structures working under the considered condi- 
tions is estimated and when methods for the protection of these structures against 
electrocorrosion are developed. 

In studies of spade-shaped specimens of titanium in the electrolytes of copper and 
nickel electrorefining, the elevated susceptibility of titanium to waterline corrosion was 
revealed under the conditions of anodic polarization. In the copper electrorefining 
solution, despite localization of the damage on the legs of the specimens, at the area of 
waterline the reduction of the E, value was insignificant: the E, was equal to 140 V. On 
the other hand, in the catholyte ofnickel electrorefining, the waterline effect resulted in 
a drastic drop of the E,, to values of 6.5—7 V. Thus, in nickel electrorefining solutions, 
the waterline, as well as the crevice, is a “weakened” area of the titanium structure 
under the conditions of attack by external anodic currents. 
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6.6. TITANIUM ALLOYS 


Information on the corrosion stability of titanium alloys under attack by 
external currents is limited. In work [7], it is conveyed that alloy of titanium with 
aluminum and with a high content of vanadium (30-45%) were damaged under 
anodic polarization as a result of the preferential dissolution of aluminum and 
vanadium. On alloys containing 7.5 and 15% of vanadium, and on titanium alloys 
with wolfram, a current density equal to 0.4mA/cm?* was reached in the area of 
chlorine evolution, but no increase in the weight loss or potential with time was 
noticed. At higher current densities the potential shifted to values above 2 V. 

As shown above (see Chapter 4), under the attack of leakage currents of an 
anodic direction, an alloy of titanium with 0.2% palladium was damaged more 
slowly than unalloyed titanium, since part of the external current was spent on 
chlorine evolution on the metal surface enriched with palladium. 

Most interesting are the results of investigations of titantum—nickel alloys. It was 
shown in Refs. [22, 35] that in chloride solutions a significant rise (by about one order 
of magnitude) in the anodic current density was observed on these alloys in the area of 
chlorine evolution compared to unalloyed titanium. Studies of the anodic behavior of 
titanium—nickel alloys in the area above 2 V were not carried out. 

According to these works, the increase in the anodic current density on 
titanium—nickel alloys is related to the formation of an intermetallic compound, 
TioNi, which increases the conductivity of the oxide film. The presence of this 
intermetallic compound hinders the formation of an oxide film barrier on the metal 
surface [22]. 

It was found [36, 37] that the barrier properties of the oxide film formed on the 
surface of the titanitum—nickel alloy during anodic polarization depend on the 
thickness of the external oxide layer, which is composed of TiO. and does not 
contain nickel compounds. The higher the nickel content in the alloy, the thinner 
is this layer. The concentration of Ti.Ni in the alloys increases from the internal 
boundary of the superficial layer of TiO. toward the depth of the metal. 

A comparative estimation of anodic polarization curves obtained in the poten- 
tiodynamic regime (2.88 V/h) on different titanium alloys in 1 g/l NaCl solution 
was carried out to obtain preliminary information about the influence of alloying 
components on the values of the potentials E, and the current densities in a passive 
state. Titanium alloys with 3 and 6% aluminum (AT-3 and AT-6), with 0.2% 
palladium (alloy 4200), with 5% tantalum (alloy 4204) and with 2% nickel were 
investigated (Figure 6.15). 

Addition of 3 and 6% aluminum to titanium leads to a sharp shift in the E, to the 
negative side, from 6 V for unalloyed titanium to values, respectively, of 4.9 and 2.6 V 
(curves 2 and 3). The current density on these alloys in the passive state is noticeably 
higher than that on titanium. In the area of oxygen and chlorine evolution, 
a significant rise in the current takes place that, in accordance with the data of 
Ref. [7], may be explained by selective dissolution of the aluminum and by oxygen 
and chlorine evolution on the activated metal surface. As the aluminum content in 
the superficial layer of the metal is reduced, the current density diminishes. 
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Figure 6.15 Anodic polarization plots in 1g/1 NaCl on titanium (1) and on its alloys with: 
2-3% Al;3-6% Al;4-—5% Ta;5—0.2% Pd; 6-—2% Ni. Temperature, 90°C (see color plate 1). 


The E, value of Ti-0.2% Pd alloy (5.5 V) is not that far from the E, value of 
unalloyed titanium. This small difference in the E, values can be connected not 
only to the presence of palladium, but also to the difference in the surface state of 
the titanium and of the alloy or with some other uncontrolled factors. The 
polarization curves on titanium and Ti-0.2% Pd alloy almost coincide, because 
the content of Pd in the passive oxide film does not noticeably influence the anodic 
process [38]. 

The E, values on titanium alloys with 5% Ta and with 2% Ni are close to the E, 
values on titanium. Current densities in the passive state obtained on titanium and 
on its alloy with 5% Ta almost coincide. In contrast, the current density on T1-2% 
Ni alloy in the field of potentials above 1.5 V and up to the activation potential E, is 
significantly higher (in some areas by one order of magnitude) than that on 
unalloyed titanium. According to Refs. [22, 35], which were already cited above, 
the rise of the current density on the passive alloy is attributed to the presence of the 
intermetallic compound Ti,Ni in its superficial layer. 

These results stimulated more detailed investigations of the corrosion and 
electrochemical behavior of Ti-2% Ni alloy, as the most promising for use under 
conditions of attack by external currents (Figure 6.16). At potentials above 1.5 V, 
the current density in 300 g/l NaCl solution is slightly lower than that in diluted 
(1 g/l) NaCl solution (curves 1 and 2). 

Reduction of the current density on unalloyed titanium in concentrated NaCl 
solution, as compared with diluted NaC] solution, was already noted (see Figure 6.2). 
It was explained by the reduction in the concentration of water molecules, donors of 
oxygen for the oxide film, in the concentrated NaCl solutions. On the Ti-2% Ni 
alloy this effect is more significant, most probably, due to the reduction in the oxygen 
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Figure 6.16 Anodic polarization plots on alloyTi-2% Ni in solutions: 1-1 g/1 NaCl; 2-300 g/1 
NaCl; 3 — 1g/1 Na2SO4; 4 — 120 g/1 NaOH + 200 g/l NaCl. Temperature, 90°C. 


overvoltage on the nickel-containing alloy. In conformity with the data in Ref. [39], 
this effect proves that at high potential values, preferential evolution of oxygen, but 
not of chlorine, takes place. This suggestion is supported by the fact that in solutions of 
1 g/l NaCl and 1 g/l Na2SO, (where the current is mainly spent on oxygen evolu- 
tion) at potentials of 1.5—2 V, the values of the current densities are close to each other. 

In 1 g/1 NaCl solution, the activation potential E, was reached on titanium after 
3-3.5h of polarization at a current density of 0.2 mA/cm’, whereas on Ti-2% Ni 
alloy, under the same conditions, a potential of 1.9V was reached and did not 
change during 20h of polarization. Also, at a current density of 0.3 mA/ cm’, the 
value of E, was not reached in 1 g/I NaCl solution during 100 h of polarization and 
no weight loss of the metal was noted. 

The most striking difference is that between the polarization curve 4 obtained 
on the Ti-2% Ni alloy in chloride-alkali solution and all the other polarization 
curves. Above potential 0.6 V, the current density proliferated exponentially and at 
a potential value of 1.3 V, i.e., below the potential value of chlorine evolution, a 
current density as high as 70 mA/cm” was already reached. The current was almost 
completely spent on anodic oxygen evolution. 

The high electrochemical activity of the alloy is, most probably, connected with 
two above-mentioned factors, which intensify each other. On the one hand, the 
presence of the intermetallic compound Ti,Ni in the alloy increases the conduc- 
tivity of the passive film; on the other hand, the barrier properties of the passive film 
formed in alkaline solutions are decreased. 

Reduction of the oxygen overvoltage on the intermetallic compound Ti,Ni 
may be connected with the presence of nickel in this compound. It was noted in 
Chapter 5 that nickel is characterized by a low overvoltage of oxygen evolution 
and, due to this property, it is used as the anode material in alkaline, chloride-free 
solutions of water electrolysis. 

Thus, the alloying of titanium with nickel does not decrease the corrosion stability 
of the metal in chloride-containing media and increases the conductivity of the passive 
film that is formed on the metal surface. As a result, the electrochemical activity of the 
alloy drastically increases under anodic polarization in alkaline solutions. 
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The obtained results point to a promising future for the application of Ti-2% Ni 
alloys in the presence of external anodic currents, especially in chloride-alkali solutions. 
However, data [40] on the possible activation and intensive dissolution of this alloy under 
certain conditions after a long incubation period of time must be taken into account. 
Therefore, the final conclusions on the possibility of using Ti-2% Ni alloy in the 
conditions under consideration can only be drawn after long-time industrial testing. 
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CHAPTER 7 


HYDROGENATION AND CORROSION 
INVESTIGATIONS OF TITANIUM UNDER ATTACK 
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The purpose of the investigations discussed in this chapter consists, first of all, in the 
elucidation of the mechanism and features of titanium corrosion, discussed in 
previous chapters, under attack by cathodic leakage currents in chlorine-saturated 
NaCl solutions (electrolysis of NaCl solutions with a mercury cathode). In addition, 
it was of interest to study the conditions of titantum hydrogenation in the catholyte 
of nickel electrorefining (hydrogenation of titanium matrixes in the process of 
producing nickel cathode blanks). The results of these investigations were necessary 
for further develop the methods and means of titanium protection against corrosion 
and hydrogenation under attack by cathodic currents. 


7.1. CONDITIONS OF HYDROGENATION AND CORROSION OF 
TITANIUM. METHODOLOGICAL FEATURES OF EXPERIMENTS 


The tendency of titanium to undergo hydrogenation was known long ago [1]. 


The kinetic peculiarities of the hydrogenation process have been studied [2, 3], and it 
was found that the cathodic polarization of titanium in acid solutions leads to the growth 
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of a hydride layer at a diminishing rate. At high cathodic current densities, titanium 
undergoes hydrogenation even in neutral solutions [3, 4]. 

Data on the corrosion of cathodically polarized titanium are more limited. It 
has been shown in Refs. [1, 5, 6] that the cathodic activation of titanium occurs in 
sulfuric and hydrochloric acids in the presence of air. Corrosion development in 
titanium under cathodic polarization in the presence of oxidizers such as nitric 
acid has also been reported [7]. According to the data [8], the corrosion rate of 
titanium was found to be constant in a certain cathodic potential range. The 
independence of the corrosion rate on the potential was explained by the 
chemical mechanism of titanium dissolution. 

In studies of titantum corrosion behavior during cathodic polarization, very little 
attention was paid to the relationship between the hydrogenation and corrosion 
resistance of titanium. Even the limited data on the influence of titanium hydrogena- 
tion on its corrosion are ambiguous. It was noticed in Ref. [5] that in a preliminary 
study of titanium hydrogenation, its corrosion rate in sulfuric acid decreased. In later 
works [9, 10], data were given on the higher corrosion rate of hydrogenated titanium 
and titanium hydride with respect to the metal free of a superficial hydride layer. Cases 
of the metal losing its mechanical strength, of cracking and of mechanical destruction 
of the superficial layer as a result of the growth in volume of the hydrogenated layer 
(which causes internal stresses) were especially considered in Ref. [11]. 

Detailed investigations of the hydrogenation and corrosion of titanium under 
the conditions of attack by an external cathodic current were performed in a 
saturated chlorine solution of 260 g/l NaCl, i.e., the chloranolyte (technological 
solution used in electrolysis with a mercury cathode) and in a 1 g/l NaCl chlorine- 
saturated solution (a solution imitating the film of condensate that forms inside the 
wet chlorine header in diaphragm electrolysis). 

The experiments were conducted in thermostated glass cells without stirring, 
with weak stirring by circulation (5cm/s) in the cell circuit, or with intensive 
stirring and solution flow. In the last case, the solution was agitated by a magnetic 
stirrer rotating at 360 rpm. Under intensive stirring, the flow rate of the solution 
with respect to the working electrode was 30 cm/s. The stirring rod was placed on 
an auxiliary disc-shaped platinum electrode attached horizontally to the cell bot- 
tom. The volume of the through-flow cell was 5 ml. In the course of experiments, a 
chlorine-saturated solution of 260 g/l NaCl (pH 1.8—2) preheated to 90°C was fed 
at a rate of 1.2 ml/s from an auxiliary 51 volume vessel to the through-flow cell. In 
the no-flow experiments, the solution was saturated by passing chlorine through 
the solution directly into the cell for 1h; during the experiments chlorine was passed 
above the solution. In the experiments with intensive stirring of the solution and 
flowing through the cell, a spade-shaped specimen was bent at 90° to the stem so 
that its working part was disposed horizontally, parallel to the auxiliary Pt electrode 
and at a distance of 3mm above the stirring rod. 

Electrochemical studies were carried out in the following regimes of polariza- 
tion: galvanostatic, potentiostatic and with a stepwise potential variation (through 
100 mV) in the range from 0 to —1.2 V. In the last case, the sample was polarized at 
each potential for 20 min. Preliminary experiments lasting for 6-10 h showed that 
the corrosion rate is stabilized in about 5-10 min. 
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The amount of titanium that passed into the solution was determined in some 
experiments (mainly in the galvanostatic regime) colorimetrically with diantipyr- 
ilmethane as a complexing agent. Primarily, the rate and kinetics of the titanium 
corrosion were measured by Y-radiometry of *’Sc. It has been shown earlier that a 
foreign tracer (*’Sc) could be used for studying titanium corrosion [12, 13]. 

Hydrogen absorption (hydrogenation) was measured by the radioisotopic 
method, by using a tracer of radioactive tritium [14]. The titanium samples, after 
being polarized in the trittum-labeled solution (14-50 mCi/ml), were washed with 
distilled water and dissolved in 40% H,SO, at 98°C. The evolving hydrogen was 
oxidized with CuO at 300°C. The amount of hydrogen absorption (hydrogena- 
tion) was determined by the radioactivity of the water obtained. 

Relative errors in the corrosion and hydrogenation rates as measured in the 
above methods did not exceed 15%. 


7.2. INVESTIGATIONS IN NON-STIRRED NaCl SOLUTIONS 


The first step of the studies was performed under the conditions of galvano- 
static polarization of the titanium samples. The object of this step was to evaluate the 
effects of the hydrogenation and corrosion of titanium during cathodic polarization. 

The preliminary experiments showed that cathodic polarization in chlorine- 
saturated 1 g/l NaCl solution at a temperature of 98°C is accompanied by a transfer 
of titanium ions into the solution, whereas no titanium traces were detected with- 
out polarization. Hence, under these conditions, the titanium is subjected to 
corrosion connected with attack by the external cathodic current. 

Alongside corrosion, hydrogenation of the titanium was observed. An anom- 
alous character of the dependence of the hydrogenation on time under cathodic 
polarization is of interest (Figure 7.1). The dependence of the hydrogenation on 
time, mentioned earlier, obtained in acid solutions [3] are characterized by a gradual 
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Figure 7.1 Titanium hydrogenation (mH)2) vs polarization time T at cathodic current density 
of 20 mA/cm? in chlorine-saturated 1 g/1 NaCl solution. Temperature, 98°C. 
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slowing down of the growth in the hydride layer. In the case under consideration, 
the hydrogen absorption increased rapidly during the first hour of polarization at a 
current density of 20mA/cm* and then sharply decreased, which may just be 
connected with the dissolution of the hydride layer. After 2—3h of polarization, 
the hydrogenation remained constant, thereby indicating that the rates of formation 
and dissolution of the hydride layer had equalised. 

The data obtained suggest that the corrosion of titanium passes through the stage of 
the formation of hydride and its subsequent transfer into solution. The hydride dissolu- 
tion may be explained by its thermodynamic instability in the range of potentials of —0.1 
to —0.2 V that are established on titanium under the conditions considered [15, 16]. 

Corrosion studies of powders of hydrides of compositions TiH, and TiHo,7 
were performed, in order to verify this suggestion. Amounts of 0.6g of each 
powder were tested at a temperature of 98°C in 1 g/l NaCl chlorine-free and 
chlorine-saturated solutions (prepared by bubbling chlorine through the solution 
throughout the time of testing). No traces of titanium were detected in the 
chlorine-free solution. In contrast, the titanium content was significant in the 
chlorine-saturated solution. The corrosion rate of the TiHo.7 and TiH2 powders, 
taking into account their specific surface areas were equal, was estimated at about 0.01 
and 0.1 Um per 5h of testing, respectively; i.e., the higher the hydrogen content, the 
higher the dissolution rate of the hydride. Thus, the results obtained prove that the 
hydrides are not stable in solutions containing dissolved chlorine. 

It should be noted that testing the powders without polarization can be used 
only for a qualitative confirmation of the fact that the presence of dissolved 
chlorine, which raises the redox potential of solution, causes the hydride 
dissolution. 

It was assumed that the diminishing hydrogenation is caused by the formation of 
the oxygen—chlorine compounds, chlorate and hypochlorite, in the near-electrode 
layer (close to the surface of the cathode) as a result of alkalization. Hypochlorite is 
formed in the reaction of alkali with the dissolved chlorine [17]. 


Ch +2NaOH = NaOCl+NaCl+ HO (7.1) 
Chlorite is the product of hypochlorite decomposition at elevated temperatures [18]. 
3ClO” = ClO, +2Crl, (7.2) 


It is also formed in the reaction of the dissolved chlorine with the hydroxy] ions in 
the near-electrode layer. 


3Cl+6OH =ClO, +5Cl +3H20 (7.3) 


The assumption regarding the influence of oxygen—chlorine compounds is corro- 
borated by the data presented by Kuchinsky and Kochanov [19] in which a sharp 
decrease in the hydrogen absorption of cathodically polarized iron and tantalum 
was observed in alkaline NaCl solution in the presence of 0.5 g/l hypochlorite. 
Wide potential variations are possible under galvanostatic polarization owing to 
the changes in the content of chlorine and oxygen—chlorine compounds in the 
solution. Therefore, the next steps involved investigations in a potentiostatic mode. 
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Figure 7.2 Titanium corrosion rate (K) vs polarization potential (E) in solutions at pH 2 and 
NaCl concentrations: 1 and 3 — 1g/1; 2 and 4 — 260 g/1 (1 and 2 — chlorine-saturated solutions; 
3 and 4— chlorine-free solutions). 


The experiments performed in the 1 g/] NaCl chlorine-saturated solution have 
shown [20] that the dependence of the corrosion rate on the potential has a maximum 
at —0.5 V, the corrosion rate being 0.02 mm/year (Figure 7.2, curve 1). In chlorine- 
saturated 260 g/l NaCl solution, the corrosion rate of titanium is higher throughout 
the entire potential range and has a maximum at —0.4 V (0.14 mm/year) (curve 2). 
The increased corrosion rate in concentrated NaCl solution may be explained by the 
fact that the solubility of chlorine drops to almost 12% of that in 1 g/l NaCl solution 
[21]; consequently, the content of oxygen—chlorine compounds decreases. 

There are, however, data [22] demonstrating that when the pH is constant, the 
corrosion rate of titanium rises with the increase in the NaCl concentration. To 
evaluate the effect of the salt concentration on the corrosion of titanium, the 
corrosion rate was studied in relation to the potential in acidified (pH 2) and de- 
aerated solutions of 1 and 260 g/l NaCl (Figure 7.2, curves 3 and 4). It was seen from 
these data that the corrosion rates in solutions of 1 and 260 g/l NaCl differ by no 
more than 1.5—2 times, whereas in chloride solutions saturated with chlorine, the 
corrosion rate in a concentrated NaCl solution is 6-8 times higher than that in a 
dilute solution along almost the entire potential range. This gives grounds to believe 
that the concentration of the oxide—chlorine compounds is the major factor deter- 
mining the corrosion behavior of titanium in chloride solutions containing dissolved 
chlorine. This conclusion is also confirmed by the fact that the titanium corrosion 
decreases when comparing chloride solutions without chlorine (in which no 
oxygen—chlorine compounds are formed) to those saturated with chlorine. Thus, in 
1 g/l NaCl solutions, the corrosion rate decreases by almost one order of magnitude 
(curves 1 and 3), and in 260 g/1 NaCl it decreases by only 2-3 times (curves 2 and 4). 

The data obtained point out, inter alia, that the primary cause of titanium 
hydrogenation and corrosion under cathodic polarization in chlorine-saturated 
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Figure 7.3 Titanium hydrogenation (mH,) vs potential E in NaCl solutions: 1 and 3 - 1g/1; 
2 and 4-260 g/l. 1 and 2 — chlorine saturated; 3 and 4 — acidified (pH2) chlorine-free solutions. 
Temperature, 98°C. 


solutions is the reduction of their pH to values of 1.8—2, as a result of the hydrolysis 
of dissolved chlorine. In fact, experiments performed in the same range of potentials 
in nitrogen saturated solutions showed that the titanium corrosion rate, irrespective 
of the stirring conditions, was very low, no more than 0.001 mm/year [20]. There- 
fore, no noticeable corrosion takes place in neutral brine piping. However, acid- 
ification of the chlorine-free solution of chloride by hydrochloric acid, to pH values 
of 1.8—2 increases the corrosion rate by almost two orders of magnitude (Figure 7.2, 
curve 4) and increases the hydrogenation of the metal (Figure 7.3, curves 3 and 4). 

The dependence of the hydrogenation on the potential in chlorine-saturated 
1 g/l NaCl solution has a pronounced maximum at —0.7 V (Figure 7.3, curve 1). In 
chlorine-saturated 260 g/l NaCl solution, the hydrogenation is considerably lower 
at potentials more negative than —0.8V, possibly due to the more intensive 
dissolution of the surface hydride layer in concentrated solutions (see Figure 7.2, 
curves 1 and 2). However, the hydrogenation increases anew at more negative 
potentials. In chlorine-free solutions, the hydrogenation increases in the entire 
potential range (Figure 7.3, curves 3, 4). 

One of the factors that may lead to acceleration of the titanium corrosion in 
industrial conditions is fluctuations over a wide range of leakage currents at the areas 
of their attack on titanium constructions [10]. To evaluate the influence of these 
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fluctuations the following experiments were conducted. The samples were alternately 
subjected to the action of —0.3 and 1.2 V in chlorine-saturated 1 g/] NaCl solution for 
1 min at each potential up to the total experiment duration of 60 min. Under these 
conditions the corrosion rate increased by more than one order of magnitude, attaining 
an average of 0.5-0.6 mm/year and more. This result, along with the other data [10], 
points to another possible reason for the acceleration of the titanium corrosion. 

Thus, a decrease in the pH, an increase in the NaCl concentration and current 
fluctuations are the factors that promote titanium corrosion by cathodic currents. 
With the increase in the NaCl concentration, the content of dissolved chlorine in 
solution decreases; consequently, the concentration of the formed oxygen—chlorine 
compounds (compounds inhibiting the hydrogenation and corrosion of titanium) 
diminishes which, in turn, leads to an increase in the hydrogenation and corrosion 
of titanium under attack by the cathodic currents. 


7.3. INVESTIGATIONS UNDER CONDITIONS OF ELECTROLYTE 
STIRRING AND FLOWING 


As the accumulation of oxygen—chlorine compounds near the electrode 
surface and in the electrolyte bulk depends on the stirring and solution flow, 
experiments were performed with due regard for these factors. 


7.3.1. Relation between the corrosion rate of titanium and the 
accumulation of oxygen—chlorine compounds in the solution 


The experiments were carried out in chlorine-saturated 260 g/l NaCl solution in 
which the corrosion rate is higher than in a dilute solution. The dependences of the 
corrosion rate on the titanium potential were studied under the following condi- 
tions (Figure 7.4): 1 — without stirring (curve 1); 2 — in a solution stirred by 
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Figure 7.4 Corrosion rate of titanium (K) vs polarization potential (E) in chlorine-saturated 
260 g/1 NaCl solution: 1— without stirring; 2— stirred solution; and 3 — stirred flowing solution. 
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Figure 7.5 Kinetics of accumulation of oxygen—chloride compounds (1, 2 and 5) and 
corrosion losses on titanium (3 and 4) at potential E=—0.4 V in chlorine-saturated 260 g/1 
NaCl solution: 1- ClO; 2- Clo*; and3-—(ClO + clo? ). 1, 2 and 3 - stirred in a closed 


volume; 4 and 5 - stirred through-flowing solution. Temperature, 90°C. 


circulation (5cm/s) in a closed volume (curve 2); and 3 — in a stirred flowing 
solution (curve 3). All the curves have maxima at —0.4 V. The corrosion rate was 
higher by one order of magnitude in case 3 than it was in case 1 over the whole 
potential range and attained 2.12 mm/year at —0.4 V, i.e., it was comparable to the 
corrosion rate found under industrial conditions (about 6 mm/year). 

The accumulation of hypochlorite and chlorate during the cathodic polarization 
of titanium was studied in a stirred, non-flowing solution, at —0.4 V (Figure 7.5, 
curves 1 and 2). Simultaneously, the corrosion rate was determined (curve 3). With 
the increased concentration of ClIO~ and ClO*~ in the solution inside the cell, the 
corrosion rate of the titanium slowed sharply. During the first 30min of the 
experiment, the concentration of hypochlorite and chlorate ions reached 0.23 
and 0.26 g/l, respectively, and the corrosion rate decreased to 0.25 x 10 ° g/cm? 
(0.24 mm/year). 

Since oxygen—chlorine compounds do not accumulate in a through-flowing 
solution (curve 5), the titanium corrosion at a potential of —0.4V in this solution 
decreased only in the first five minutes and then remained constant (1.8 x 10° g/ 
cm min or 2.12 mm/year) (curve 4). For the first 5 min, the initial sections of curves 
3 and 4 coincided because the hypochlorite and chlorate in the bulk of flowing and 
stagnant solutions had not accumulated in sufficient concentrations during this time 
interval (curves 1, 2 and 5). 

Thus, the low corrosion rate in the stagnant solution is related to the accumula- 
tion of hypochlorite and chlorate in the solution. 

The results obtained explain why neither corrosion nor hydrogenation of titanium 
by cathodic currents takes place in wet chlorine piping: oxygen—chlorine compounds 
accumulate in a thin condensate layer and inhibit both of these processes. 

Figure 7.6 (curves 1 and 2) illustrates the relationships between the corrosion 
rate of titanium in a stirred flowing solution and the concentration of hypochlorite, 
introduced preliminarily into the chlorine-saturated 260 g/1 NaCl solution. The 
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Figure 7.6 Corrosion rate of titanium (K) (plots 1 and 2) and hydrogenation (mH),) (plots 3 
and 4) vs hypochlorite concentration Ccjo9- in chlorine-saturated 260 g/1 NaCl solution: 1 and 
3-—(—0.4) V;2 and 4— (—1.0) V. Temperature, 90° C. 


data confirm the role of oxygen—chlorine compounds in inhibiting the corrosion 
process, irrespective of the stirring and flow conditions, and agreeing well with the 
results given in Figure 7.5. Both the accumulation of hypochlorite during 
the polarization and the introduction of 0.3g/l ClO into the solution, decrease 
the titanium corrosion rate by approximately one order of magnitude. 

Introduction of chlorate into the 260 g/l NaCl solution also sharply decreases 
the corrosion rate of cathodically polarized titanium (Table 7.1). 

Further, it will be shown that the revealed inhibiting effect of titanium hydro- 
genation and corrosion can be used to protect titanium structures against corrosion 
attack by external cathodic currents. 


Table 7.1 Influence of sodium chlorate on corrosion rate (K) of cathodically polarized titanium 
in NaCl solutions 


Potential (V) Stirring Concentrations (g/1) K (mm/year) 
NaCl NaClO;3 

0 0.230 
—0.4 Yes 260 0.5 0.076 

1.0 0.006 

0 0.021 
—0.5 No 1 0.5 0.002 

1.0 0.001 
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7.3.2. Two corrosion mechanisms of hydrogenated titanium 


The effect of the hypochlorite content on the corrosion rate was studied at 
potentials —0.4 and —1.0V. These potential values were chosen because the first 
(corresponding to the maximum corrosion) lies in the range —0.2 to —0.6 V where 
the corrosion rate is potential-dependent, and the second is in a range where the 
corrosion rate is potential-invariant (Figure 7.4, curve 3). This difference may be 
due to diverse corrosion mechanisms. The effect of the hypochlorite content on 
the titanium corrosion and hydrogenation in stirred flowing solutions proved to be 
similar both at —0.4 and at —1.0 V (Figure 7.6). These data confirm the assumption 
that the corrosion proceeds through the stage of formation of the hydride; they also 
indicate that the decrease in the corrosion rate with the increasing concentration of 
hypochlorite is related to the decrease in the hydrogenation. Such behavior was 
observed in both the potential ranges under consideration. 


Thus, the differences in the mechanisms of titanium corrosion are determined 
by the way in which titanium hydride is formed during the cathodic polarization 
and is transferred into the solution. This conclusion is supported by the fact that at 
pHS2.3, titanium hydride is thermodynamically unstable in the potential range 
from —0.2 to —0.6V, but is stable at higher cathodic potentials [15, 16]. Titanium 
corrosion under these conditions may result from mechanical fracture of the brittle 
surface layers of titanium hydride. This agrees with the above-mentioned data 
presented by Tomashov et al. [11]. They observed local failures of a titanium 
electrode with a scanning electron microscope and attributed them to chipping of 
the hydride layer formed at high cathodic potentials resulting from internal stresses 
that appear in this layer. 

To verify that titanium is transferred into solution differently depending on the 
potential, hydrogenation and corrosion were tested side by side at —0.4 V (max- 
imum corrosion) and —1.0V (the region of potential-invariant corrosion rate). 
Titanium specimens (pre-radiated in a nuclear reactor) were polarized for 30 min at 
—0.4 and —1.0V in a vigorously stirred, flowing 260 g/1 NaCl solution saturated 
with chlorine and labeled with tritium. The solutions were filtered through pores 
no greater than 0.5 Um in diameter; the amount of titanium collected on the filter 
was determined by gamma activity. The filters were then washed with 2 | of 
distilled water, which completely removed the tritium-labeled water (as a control 
experiment showed). With the help of the above-mentioned technique [14], the 
hydrogen content was determined in the precipitate on the filter. 

Only 3% of the total amount of titanium that passed into solution was detected 
on the filter after polarization at —0.4V. On the other hand, after polarization 
at —1.0 V, this amount was equal to 46.3%. At —0.4 V, no tritium was found in the 
precipitate. The tritium content in the precipitate determined at —1.0 V suggests 
that the ratio of the hydrogen atoms to titanium atoms retained by the filter was 
close to 1. This proves that at —1.0 V, titanium passes into solution not in the ionic 
form, but as hydride particles chipped from the surface layer of the titanium. After 
chipping, some of the hydride particles may dissolve, since their potential must be 
shifted toward the positive region, 1.e., to the range of thermodynamic instability of 
titanium hydride. 
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Table 7.2 Penetration of hydrogen into titanium specimens 


No. of Potential —0.4 V Potential —1.0 V 

layers 
Thickness Average atomic Thickness Average atomic 
of layers ratio H/Tiin the of layers ratio H/Tiin the 
(Lm) layer (Um) layer 

1 0.66 0.12 0.56 0.98 

2 0.56 0.10 0.62 0.92 

3 0.93 0.088 1.23 0.86 

4 0.23 0.046 0.73 0.32 

5 1.64 0.021 0.62 0.11 

6 1.89 0.09 2.17 0.068 

7 2.19 0.01 2.38 0.043 

8 = 7 3.31 0.008 

9 = 7 1.78 0.003 


In these experiments, the depth distribution of hydrogen in the titanium speci- 
mens after polarization was also studied. The specimens were rapidly dissolved in 
40% H SO, during which the metal atoms passed into the solution, while hydro- 
gen gas evolved simultaneously. The depth distribution of hydrogen in a sample 
was determined by repeating this procedure. Table 7.2 shows that for the specimens 
polarized at —0.4V, the average composition of the 0.66-[1m-thick surface layer 
was TiOp,.12. In the specimens that were polarized at —1.0 V, the hydrogen content 
was higher by one order of magnitude. The average composition of the 0.56 Um 
thick surface layer was TiH. Hydrogen had penetrated to a depth of 13.20 Um. 

Thus, in the region of the potential where hydride is thermodynamically 
unstable, the corrosion of titanium is caused by the dissolution of hydride, whereas 
at more negative potentials it is caused by embrittlement of the surface and 
subsequent chipping of the hydride particles. 


7-4. WELDING SEAMS 


The data on the reduced corrosion resistance of the welding seams on titanium 
given in Chapter 6 were obtained in different media, taking into account the influence of 
anodic external currents. It was shown that welding seams sharply decrease the corrosion 
resistance of titanium under anodic polarization. Areas of attack, not only of anodic, but 
also of cathodic leakage currents, often coincide with the zones of welding seams on the 
metallic structure. This raises the practical importance of estimating the corrosion stability 
of welding seams on titanium under attack by external cathodic currents. 

Cathodically polarized welded titanium specimens were preliminarily studied in 
1N H,SO,j (solution 1). The major part of the investigations was carried out in 
chlorine-saturated 260 g/l NaCl (solution 2) under stirring and flowing conditions 
and in chlorine-saturated 1 g/l NaCl solution (solution 3). The temperature of the 
solutions in all the experiments was 90°C. The corrosion was studied under 
potentiostatic polarization at —1.0 V on spade-shaped specimens joined together 
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by a transvers seam produced by arc welding in argon. The hydrogenation was 
investigated on butt-welded titanium wire, 2mm in diameter. 

After polarization in solution 1 for 2.5 h and in solution 2 for 8 h, the welded zone 
was clearly revealed as a result of corrosion damage which occurred only in this zone 
(Figure 7.7). It is more clearly visible on a profilogram (Figure 7.8) obtained for the 
sample in solution 1, in which the corrosion of the welding seam was especially 
pronounced. Destruction of the metal is slower in the heat-affected zone than in the 


Figure 7.7. Welded specimens of titanium after polarization in chlorine-saturated 260 g/1 
NaCl (left) and in1 N H,SO, solutions. Temperature, 90°C. 
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Figure 7.8 Profilogram of titanium welded sample after polarization in 1 N H2SO, solution. 
Under the abscissa axis a seam is given from the welded section of the specimen used for 
recording the profilogram. 
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welded seam, but much more intensive than outside the zone of the welding 
influence. In solution 3 no corrosion was observed after polarization for 40h. It 
should, however, be noted that some experiments in this solution, e.g., for 18h at 
—1.8V, also revealed a predominant failure of welding seams. In this case, the current 
density attained 0.5 A/cm? —an order of magnitude higher than that observed at —1.0 V. 

Solution 3 simulates the chlorine-saturated condensate inside the piping for wet 
chlorine. No corrosion of the welding seams on titanium piping for wet chlorine 
was observed, since such high current values are not reached on these lines. 

The results of the hydrogenation of welded samples of titanium wire agree with 
the above data on the corrosion of welded, spade-shaped titanium specimens. The 
highest hydrogenation in solutions 1 and 2 was observed at the welded seam zone 
(Figure 7.9); in the heat-affected zone it was noticeably reduced, and was the lowest 
outside of the zone. This was observed after the tests in both sulfuric and chloride 
solutions, although in chloride solution the hydrogenation was lower by approxi- 
mately one order of magnitude. 

The corrosion of welded seams and heat-affected zones at —1.0V results from 
chipping of hydride particles from the surface and proceeds as described above. 
These zones suffer the predominant destruction as they are subjected to the greatest 
hydrogenation. 

The results obtained indicate that at the sections of titanium structures that may 
be attacked by external currents of either anodic or cathodic directions it is most 
desirable to avoid the presence of welding seams. 
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Figure 7.9 Distribution of hydrogen content (mH2) along the titanium welded specimen in 
solutions: 1-1 N H,SO,; and 2 — chlorine saturated 260 g/l NaCl. Under the abscissa axis a 
seam is given at the welded wire specimen section. 
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7.5. HYDROGENATION OF CATHODE BLANKS IN SOLUTION 
OF NICKEL ELECTROREFINING 


In the process of nickel electrodepositing, the problem arose of hydrogenation 
of the titanium matrixes (used for producing cathodic blanks) [23]. As a result of 
hydrogenation, “joints” are formed on the surface of the matrixes which hinder 
the execution of stripping off the deposited blank. Moreover, hydrogenation leads 
to warping and cracking of the matrixes, which reduces their lifetime to less than 
2 years. 


7.5.1. Electrochemical investigations of combined discharge 
of nickel and hydrogen ions on titanium 


Hydrogenation is the result of a combined discharge of hydrogen and nickel ions 
under which both the cathodic deposit and the titanium matrix undergo hydro- 
genation. In this connection, investigations of the combined discharge kinetics of 
hydrogen and nickel ions, as well as of titanium hydrogenation, were carried out in 
the catholyte of nickel electrorefining. 

Cathodic polarization curves on titanium were executed under galvanostatic 
(5h long) and potentiodynamic (scanning rate, 0.72 V/h) conditions. Some of the 
experiments were performed in a solution free of Ni-* ions (57.6 g/l NaCl+2¢/I 
H»2SO,), to determine the share of the current that was spent for the discharge of 
hydrogen ions. The temperature of all the solutions was 85°C. 

The potentiodynamic cathodic polarization curves obtained in the above-men- 
tioned solutions titanium and nickel (or a nickel coating) are shown in Figure 7.10. 
The reversible hydrogen electrode potential in these solutions, calculated from the 
Nernst equation, is equal to 0.12 V, and the potential of the nickel deposition is 


E(V)(vs NHE) 
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Figure 7.10 Cathodic polarization plots on titanium (1 and 2) and on nickel (3 and 4) in 
catholyte of nickel electrorefining (1 and 3) and in a solution of 57.6 g/1 NaCl +2 g/l H,SO, 
(2 and 4). Temperature, 90°C. 
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Table 7.3. Hydrogen efficiency 7 and its evolution rates VH, at different current densities / 
under conditions of galvanostatic polarization 


i (mA/cm”) E(V) Potentiodynamic Galvanostatic 
polarization polarization 
n(%) VH2 7(%) VH2 
(ml/cm” h) (ml/cm” h) 
1 —280 100 0.02 24.0 0.10 
5 —340 43 0.03 7.0 0.15 
20 —415 1 0.08 5.6 0.47 


—0.25 V. In the solutions with and without Ni** ions in the range of potentials from 
the open-circuit titanium potential (—0.1 V) to —0.25 V, the only possible cathodic 
process is the discharge of hydrogen ions. Therefore, the initial sections of the cathodic 
curves 1 and 2 on titanium, and 3 and 4 on nickel, are close to one another. On nickel 
and nickel coating, the current densities are slightly higher due to the lower hydrogen 
overvoltage on nickel compared with that on titanium. At potentials more negative 
than —0.3 V, a bend, corresponding to the cathodic deposition of nickel, is noted on 
polarization curves 1 and 3 obtained in the solution containing Ni** ions. In the range 
of potentials from —0.3 to —0.4 V, the current density on the nickel is higher than that 
on titanium, owing to the already noted lower hydrogen overvoltage on nickel. 

At potentials more negative than —0.4V, the area of a limiting diffusion 
current for Ni~* ions is observed. Curves 1 and 3 coincide in this area because 
the titanium surface, having been coated by deposited nickel, acquires the proper- 
ties of a nickel surface. This was proved by the results of comparative experiments 
on specimens of nickel and nickel coated titanium. The cathodic curves obtained 
on these specimens coincided. 

By comparing curve 2 with curves 1 and 3, and assuming that Ni-* ions do not 
significantly influence the efficiency of the hydrogen evolution, it is possible to 
estimate this efficiency and the hydrogen evolution rate in the considered range of 
potentials (Table 7.3). Based on these results and the results of galvanostatic studies 
at current densities 1, 5 and 20mA/cm”, and taking into account the quantity of 
deposited nickel, it was found that the hydrogen evolution efficiency decreases 
when the cathodic current density increases. The higher hydrogen evolution rate 
under galvanostatic polarization can be explained by a reduction in the hydrogen 
overvoltage in the process of hydrogenation of the nickel coating [24]. 


7.5.2. Radiochemical investigations of titanium hydrogenation 
in the process of nickel deposition 


To determine the kinetics of titanium hydrogenation under the conditions of 
nickel electrorefining, investigations were performed using radioactive tritium, 
which was introduced into the solution of nickel catholyte. The hydrogenation 
was determined in accordance with the procedure described above under 
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galvanostatic polarization by a current density of 50mA/cm*. Two types of 
experiment were carried out: 


1. Nickel was deposited on titanium for different periods of time, from 1 to 15h. 
The maximum deposition time (15h) represented the average time of nickel 
deposition on the matrix in industrial conditions. After the deposition process, 
the layer of the deposit was stripped mechanically (this operation is executed 
similarly when the deposit is stripped from the matrixes), and the titanium 
hydrogenation was determined. 

2. Nickel was deposited on titanium for a period of 1h then the deposit was 
stripped, and the one-hour deposition process was executed anew. Such cycles 
of deposition-stripping were carried out on different specimens 1-8 times; 
hydrogenation of the titanium specimen was measured after each stripping 
operation. 


It is seen from Figure 7.11 that increasing the polarization duration from 1 to 15h 
without stripping the deposit did not lead to a noticeable hydrogenation increase 
(curve 1), whereas at hourly deposit stripping, the hydrogenation is directly propor- 
tional to the number of operations (curve 2). These results prove the suggestion that 
hydrogenation takes place mainly in the initial period of nickel deposition, before the 
formation of a deposit layer that hinders the hydrogen penetration into the titanium. 

All other things being equal, the possibility of metal hydrogenation by an 
external cathodic current in electrochemical plants, with metal deposition, is lower 
than that in electrochemical plants without metal deposition, since in the first case the 
major share of the current is spent for metal deposition. Along with this, it must be 
taken into account that the technological solutions of those plants often have a high 
acidity. Moreover, in the zones of attack by cathodic currents on titanium piping 
and equipment, the cathodic deposit is usually not formed: nickel is deposited in 
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Figure 7.11 Dependence of titanium hydrogenation (mHz) on: 1 — nickel deposition time (7) 
without deposit stripping; 2— No. of cycles of “deposition—stripping”. 
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the form of dendrites, which are removed by the electrolyte flow. Therefore, despite 
the relatively low values of leakage currents (as compared to the values of the 
industrial current of nickel deposition), owing to their ability to concentrate on 
small surface areas, the danger of hydrogenation of titanium piping and equipment 
exists in nickel electrorefining plants. 
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CHAPTER 8 


ESTIMATION OF CORROSION STABILITY OF 
STRUCTURES MADE OF PASSIVE METALS 
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EXTERNAL CURRENT 


Contents 
8.1. Estimation Based on the Potential Value 122 
8.1.1. Activation potential as an estimation criterion of the passive metal 
state in the field of an external current 122 
8.1.2. Types of structural elements in the form of tubes in the field 
of an external current 123 
8.1.3. Potential and current distribution along structural elements in the form 
of tubes 125 
8.1.4. Procedure for computation of the potential distribution along 
the internal tube surface with the help of a computer 127 
8.2. Estimation Based on the External Current Value 128 
8.2.1. Estimation based on the external current value 
for tube-shaped structural elements 129 
8.3. Practical Steps and Examples of Corrosion Stability Estimation of Structures 
in the Form of Tubes of Different Types 133 
8.4. Significance of the Electrochemical Characteristics of Passive Metals for the 
Estimation and Provision of Corrosion Stability of Metal Structures 136 
References 139 


Data presented in the previous chapters have shown that an external current has to 
be considered as a major factor of environmental aggressiveness in relation to a 
metallic structure. At the same time, the initial state of the metal, its corrosion and 
electrochemical characteristics, as well as the composition and properties of the 
aggressive medium and the technological parameters and design peculiarities of the 
metallic structure must be taken into account when its corrosion stability is 
estimated in the field of an external current. 

Of course, the criteria and methods of estimating the corrosion stability of a 
structure made of passive metal in the field of an external current must be based on 
empirical parameters known or accessible for measurement and control. 

The criteria and methods that can be used to estimate the metal corrosion state 
of a structure and to predict the working reliability of the structure in the field of an 
external current are considered in this chapter. 
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8.1. ESTIMATION BASED ON THE POTENTIAL VALUE 


When the corrosion of metallic structures under attack by stray currents was 
considered in Chapter 2, it was noted that the composition and properties of the 
environment are in a great part indefinite and may significantly change either in 
space (e.g., for large piping networks) or in time (e.g., at different seasons). There- 
fore, important parameters, such as the metal potential measured at one point, 
cannot be considered as reliable criteria for the estimation of the corrosion state of 
the metal. In this connection, other criteria such as the character of variations in the 
potential along a structure or at different periods of time are used. A great number 
of measurements are necessary to increase the reliability of these criteria. Never- 
theless, results of these measurements on a carbon steel structure (the main struc- 
tural material used for underground and underwater piping and structures) are not 
reliable enough. Due to the Taffel character of the anodic polarization curve on an 
active metal (see Figure 1.3), which is typical for carbon steel in soil and in water, 
the variations in the metal potential presence of external currents may not be clear 
enough to reveal its attack, and even less to estimate the degree of danger of this 
current. 


8.1.1. Activation potential as an estimation criterion of the passive 
metal state in the field of an external current 


In electrochemical plants, like in other chemical plants, the composition, tempera- 
ture and other technological parameters of the aggressive solutions are specified in 
determined ranges, and corrosion-resistant structural materials are selected for these 
predetermined conditions, without taking into account the influence of external 
currents. In the majority of cases, the corrosion resistance of the selected metals is 
stipulated by their passive state. However, as already shown, under attack by an 
external current, the metal potential may shift from the value of the open circuit 
potential E, to the value of the activation potential E,. 

It was noted in Chapter 3 that the direction of the leakage currents, and 
areas of their attack on piping and equipment, can be directly determined in an 
electrochemical plant from the equivalent scheme of the electrolysis electric 
circuit. By measuring metal potentials at the areas of leakage current attack and 
by comparing their values with the values of the open circuit potentials of the 
metal under similar conditions, it is possible to determine the metal state, since 
the characteristics of the metal and of the aggressive media are defined. For 
initially passive metals, the procedure is facilitated even further, owing to the 
significant value of the potential shift from the open circuit potential to 
the potential of the active state (see Chapters 1, 4-7): a significant jump in 
the potential is observed in the area where metal activation has occurred. 

Under the influence of an anodic current, the stability of a metal structure is 
governed by the condition Ej... < Etim, where E,,,, 1s the maximum value of the 
potential of the metal in the structure and Ej;,, is the limiting permissible potential 
value under the conditions of attack by an external current. 
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When the considered area of the metallic structure is attacked by an external 
current of anodic direction, Ej, = E,, and the stability condition of the structure 
can be written in the form of the inequality, 


Enax < E,, (8 1 a) 


where E, is the activation potential under the attack of an anodic external current. 
When metal activation by an external cathodic current is possible, the stability 
condition can be expressed by the inequality, 


Emax > Ea; (8.1b) 


where E,, is the activation potential under the attack of a cathodic external current. 

Thus, the activation potential can be considered as a criterion that characterizes 
the state of the metal under the conditions of attack by an external current. 

A sufficiently exact prediction of the metal corrosion state of a structure can be 
done only in the case where the potential distribution over the surface of the 
structure is known. This distribution depends on the shape and dimensions of 
the structure, on the polarization characteristics of the metal and on the size 
of the external current [1, 2]. Therefore, to determine the extreme potential values 
that may be reached in the structure, it is necessary, in each case, to solve the specific 
problems of the potential distribution over the metal surface of the structure, which 
is with a task with significant mathematical difficulties. A number of assumptions 
must be made to obtain the equations required for a solution by mathematical 
methods or with the help of a computer [3-8]. 


8.1.2. Types of structural elements in the form of tubes in the field 
of an external current 


In estimating of the corrosion action of leakage currents in electrochemical plants, 
the greatest practical interest is attached to the design of tubes of various types. The 
technological pipelines for supplying and removing electrolytes are the most wide- 
spread type of structure to be found in the electrolysis zone along a set of electro- 
lyzers. Moreover, structural elements such as connecting tubes of the pipelines and 
apparatus, nozzles, fittings and valves can, to a fair approximation, be regarded as 
tubular in shape. Therefore, finding the character of the potential distribution over 
the internal tube surface makes possible the solving of most of the practical 
problems connected with predicting the corrosion stability not only of piping, 
but also of structural elements of other kinds of equipment. 

As the external current acts on the internal surface of a tube containing 
electrolyte, the field of this current is oriented along the tube in each of its sections, 
irrespective of its shape. 

Tube-shaped structural elements that are found in practice can be divided into 
two major types: “bipolar” and “monopolar” tubes (Figure 8.1a and b). 

Bipolar sections of tubes are those of finite length containing electrolyte and 
lying in the field of an external current and insulated from the metal of the rest of the 
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Figure 8.1 Types of tube-shaped structures (a—c) in the field of external current and metal 
potential distribution (1-3) along their internal surface: a, 1 — bipolar tube; b, 2 — monopolar 
tube; c, 3— semi-infinite tube. 


pipeline. One end of such a tube (K) is subjected to the action of a cathodic current 
(I..), and the other (A), to that of an anodic current (J.,). With this approach, such a 
tube is similar to an extended bipolar electrode. Examples of structures which are 
similar to bipolar tube are sections of pipelines insulated from one another, metallic 
valves, T-pieces, slip rings, etc., insulated from the rest of the pipeline or mounted 
on a pipeline made of an electrical insulating material. 

A tube directly connected to a communication line to which the external 
current enters can be considered as a monopolar tube. The most common example 
is the connecting tube of a metallic pipeline or an apparatus located in the field of an 
external current. In this case the current is practically fully concentrated at the end 
of this tube that is connected to the pipe of insulating material or from which the 
electrolyte flows out freely. The communication line is considered as a non- 
polarized current source with respect to the polarized end of the section of the 
monopolar tube. 

As a limiting case of the above two examples, we shall also consider a model in 
the form of a semi-infinite tube (Figure 8.1c), with its end acted on by an external 
current. Lengthy sections can be considered, with a sufficiently high degree of 
accuracy, as semi-infinite tubes. 
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8.1.3. Potential and current distribution along structural elements 
in the form of tubes 


The problem of the distribution of the potential over the internal surface of tubes for every 
kind of polarization curve was solved in Ref. [9]. For the case where the current density 
of the passive state of a metal is constant, the problem was solved in Ref. [10]. As opposed 
to the solutions obtained in Refs. [11-15], in Refs. [9, 10], the potential distribution 
was taken into account not only along the tube, but also along its radius. It was shown in 
work [12] that the potential distribution along the radius can be ignored only for tubes of 
a small diameter. Diameters of pipes in electrochemical plants reach 1 m and even more. 

After double integration of the differential equation obtained in Ref: [9], the 
solution that characterizes the distribution of the potential of the metal along a tube was: 


fete ae | 
X(E)= Z - +£G (8.2) 
E, Pett [se dE+C; 


where r is the radius of the tube, p is the electrical resistivity of the electrolyte, 
f(E) is the current density in a section X (polarization characteristic of the 
metal), E is the electrode potential of the metal at a given point of the surface 
of the structure, E, is the stationary (open circuit) potential of the metal, and 
C, is the first integration constant which is determined from the boundary 
conditions, based on the current and potential values at the tube end. The 
second integration constant represents the coordinate of the section in which 
some potential E, is realized, when X(E\) = Co. If it is assumed that Cy=0, 
this means that the section in which E=E, 1s accepted as the origin of 
coordinates. It is reasonable to accept the open-circuit potential E, as Ey, or 
the potential which is attained at the tube end. 

The expression of the current distribution along the tube which is dependent on 
the potential is: 


Ix(E) =2ar She) +* £8) dE+C, (8.3) 


8.1.3.1. Bipolar tube 

The external current in the cross-sections K and A is the same (I, = Ix) and is equal 
to the maximal leakage current J, (Figure 8.1a). At cross-section B (between 
the ends K and A of the bipolar tube), which can be used as an origin of 
the abscissa (X= 0), the external current acting on the tube J, =0. Consequently, 
at this cross-section, the polarization current density (i.e., the external current density) 
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f(E)=0 and the stationary (open circuit) potential E, is established on the metal. Any 
current which did not enter the tube wall flows in the electrolyte inside the tube 
through cross-section B, but it does not have any influence on the metal. 

By substituting I, = Ip at E= E, and f(E) = 0 in (8.3), we obtain the constant of 
the first integration C; = (% / ears As cross-section B at which E= E, is taken as 
the origin of the coordinate X (X= 0), Cy =0, the expressions for the potential and 
current distributions along a bipolar tube of a finite length assume the form: 


X(E) = I [tote | (8.4) 
& |Ere+t [rears (2) 
Ix(E) =2ar at free dE+ (4) (8.5) 


It is inferred from expression (8.4) that the current flowing inside the electrolyte in 
cross-section B, where E= E,, 1, #0 at a finite length of the tube. In other words, 
the external current does not enter the tube wall entirely, a part of this current flows 
inside the electrolyte. 


8.1.3.2. Monopolar tube 

Along a tube of this type, the potential varies from the value E, at the polarized 
end, P, to some value Eg at the second end, Q (Figure 8.1b). It is most reasonable 
in this case to take as the abscissa origin (X=0Q) the tube end Q at which 
E= Eg, Ix(EQ)=0, and E, = Eg. Under these conditions, the second constant 
C= 0 and the first constant: 


2 - 
C1 =F f(EQ) - 4 [iar 
Es 


In this case the expressions for the potential and current distributions along the 
internal tube surface are as follows: 


E 1 Pdf (E) 
flab 
X(E)= E - & | (8.6) 
» |SPe+e [i ae-FyEQ) 
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Ix(E)= 2m, | CFE) + | f(E) de FF*(EQ) (8.7) 


8.1.3.3. Semi-infinite tube 

In this type of tube, the total external current acts on the internal tube surface, i.e., 
Iy = 0. It is impossible to obtain a solution for this tube by assuming X= 0 at E= E,, 
because every point having a potential approximating to E, will lie at infinity. In 
this case, the tube end at which E,,,,. (maximal positive or negative potential value) 
has been realized is the most suitable for use as the abscissa origin. As mentioned 
above, the E,,,, can be accepted based on the activation potential value E, under 
the considered conditions. At E,; = E,,,,, the solutions for the semi-infinite tube are 
as follows: 


p [242 %@ la 

X(E)= E : os (8.8) 
is \ ge Ot, i F (8) dE 

Ix(E) =2rr Bret; [re dE (8.9) 


8.1.4. Procedure for computation of the potential distribution along 
the internal tube surface with the help of a computer 


Expressions (8.4), (8.6) and (8.8) enable a design of the potential distribution along 
the internal tube surface for different specific cases with the help of a computer. 
The design is executed in steps. AX;—the distance between the cross-sections 
which have potential values of respectively, 5 i; and &,, is calculated in every step. 


(8.10) 
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Function f(E) is approximated by a set of functions of the type A exp(kE) + BE+ C. If 
the curve f(E) is complicated, the area E is divided into a range of sections and the 
approximation is executed for each of them. Thereby, the integral that is disposed 
in the denominator can be solved analytically for each section in which the function 
Jf(E) is expressed analytically. 

If AE, = E;— Ej, is small enough, it can be assumed that A exp(kE) © 1 — kE at 
the interval AE, and 4) =const, at the required degree of accuracy which can be 
determined by the computer program (on the basis of the AE; value). After this 
simplification, expression (8.10) becomes 


5; 
T(E) +, | SPE) +4 f (BB+ 
\ ie 
AX;=T In ; ; (8.11) 


where 


In the process of calculation, the computer summarizes AX; and produces results in 
the form of the dependence of X; on Ej. 

Thus, when the empirical data (polarization characteristics f(E) and open circuit 
potential value of the metal E,) and data on the electrolyte resistivity and tube 
diameter are given, it is possible to compute the potential distribution along the 
internal tube surface and to verify whether the condition (8.1) is met. 


8.2. ESTIMATION BASED ON THE EXTERNAL CURRENT VALUE 


Measurements of the metal potential inside the piping and equipment, especially 
under working conditions, present many technical difficulties and sometimes are just 
impossible. On the other hand, as shown above, measurements of external currents can 
be executed by accessible means. Therefore, an estimation of the corrosion stability ofa 
metallic structure in the field of an external current based on the data of the current 
values is most feasible. 

Based on this precondition and using the obtained equations of potential and 
current distributions inside the different types of tubes, criteria were established for 
the estimation of the stability of a structure when the values of the external currents 
are known. 
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8.2.1. Estimation based on the external current value 
for tube-shaped structural elements 


As mentioned above, the establishment of these criteria was based on the statement 
that the corrosion stability of a tube-shaped structure is determined by its ability to 
withstand the action of an external current, 1.e., to retain its metal potential within 
the boundaries of its passive field which is limited by the metal activation potential. 
This means that the most extreme (i.e., maximal positive or negative) metal 
potential that is attained at the tube end will be below the activation potential E,. 
Thus, the expression (8.1) remains in this case a major condition of the stability, and 
it is necessary only to find the relationship between the external current I, and the 
maximal potential E,,.., which is reached at the tube end. 

It should be noted that in some cases the corrosion state of a metallic structure in the 
field of an external current can be preliminarily estimated without carrying out special 
calculations, but only by using the data on the values of the external current and the 
observation of the polarization curve in the passive field. For example, when the current 
density i, in the passive field is small, in the order of magnitude of 10° °— 10° *mA/cm* 
(titanium in neutral NaC] solutions), and the value of external anodic current measured 
on the structure is high, in the order of magnitude of amperes or tens of amperes, the 
probability of anodic activation of the metal in the areas of the external current attack is 
high. It is obvious that such an estimation has only a qualitative character. 

In Ref. [16], which can be considered a logical continuation of Refs. [9, 10], 
criteria and methods of estimating the corrosion stability are proposed for the three 
above-mentioned types of metallic tubes and for every type of polarization curve. 


8.2.2.1. Semi-infinite tube 
By using Equation (8.9), the relationship can be established between the external 
current I, and the potential E,,,, at the end of a semi-infinite tube: 


Pexsx 
2 
I. =1(Eax) = 207 sf (Emax) ree / f(E) dE (8.12) 
p 
Es 


The limiting permissible current size Jj, conforms to the case when the limiting 
permissible potentials Ej, < E, or Ejjy,>E., are established at the tube end under 
the action, respectively, of an anodic or cathodic external current: 


r Bim 
Lim =2%r sf (Bim) = {Fe dE (8.13) 
p 


Expressions (8.12) and (8.13), which give the modules of [, and Jim, 1-e., I, > 0 and 
Tim = 0, are valid for both anodic and cathodic directions of external currents, and they 
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enable the determination of the criteria of the stability of the tube metal, into which the 
external current value is included. 

As the ratio I,/Ij,, is accepted as a criterion, the condition of the metal stability 
of the semi-infinite tube can be formulated as: 


I, 
<1 (8.14) 
Tim 


For a semi-infinite tube, the condition for stability (8.14) is equivalent to conditions 
(8.1a) and (8.1b). In contrast with condition (8.1), in which it is difficult to 
determine E,,,x, in (8.14) both quantities can be easily found. fix, is calculated 
analytically, since the function f(E) can be expressed in an analytical form. Polariza- 
tion curves i,=f(E) for passive metals in different ranges of potentials can be 
represented by the exponential (Taffel) dependence or by the dependence i,, = const. 
The external current [, is determined by measurement or calculation. Thus, the 
estimation of the stability based on the condition (8.14) is more accessible and more 
applicable than that based on condition (8.1). 

It must be noted that the equivalence of conditions (8.1) and (8.14) is intrinsic, 
especially for a semi-infinite tube. Therefore, this type of a tube must be considered 
as a model which can used for the investigation of other important for types of 
tubes encountered in practice. 


8.2.2.2. Bipolar tube 
For a bipolar tube the relationship between the external current and the potential at 
the end in question can be written, in accordance with expression (8.5), as follows: 


2 


LS] ) = 20 = Ff Eirda) + / f(E) dE+ (+) (8.15) 


The external current will have the limiting permissible (maximal) value when 
Exnax = Elim. Hence, taking into account expression (8.13), we can obtain the 
condition for the stability of a bipolar tube which relates to the size of the external 
current I, with the size of the limiting permissible current fj,,: 


I, 


V Fim 7 i 


Thus, [jn which is obtained for a semi-infinite tube represents a part of the 
criterion for the stability of a bipolar tube. From Equation (8.16) it directly follows 
as a sufficient condition for the stability of the bipolar tube, which coincides with 
condition (8.14). If (8.14) is satisfied, there is no need for further analysis. But if 


<1 (8.16) 
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(8.14) is not satisfied, the limiting permissible length of the bipolar tube LP, can be 
found for which condition (8.16) will be satisfied. 

Taking into account Equation (8.8) for the distribution of the potential along 
the internal tube surface, and also condition (8.16), it is possible to obtain an 
expression for the size of the limiting permissible length of the bipolar tube 


2 
r [orien 
2p 
_— E (8.17) 
Ep ” P(E y+ "freee ® — Fn 
8 max p ~ Aqr2y2 
Es 


Here Ej is the limiting permissible potential at the “vulnerable” end. E; is the 
potential at the conjugate end, found from (8.15) with J) calculated from condition 


(8.16) at the “vulnerable end: Ip = \/I? — [,,. 

In expression (8.17) it is assumed that E;< Ajm; if Ey>Ejm, then it is more 
convenient to reverse the limits of the integration. 

Expression (8.17) can be integrated on a computer in steps. 

Using the value [j;,, once found, it is possible to obtain a simple condition for 
the stability of a bipolar tube of length L: 


L 
— <1 (8.18) 


b pe 

im 
In fact, the shorter the bipolar tube, the greater is the portion of the external current 
passing through the electrolyte and not acting on the metal, and the further are the 
potentials shifted at the ends of the tube from Ej;,, into the safe region. 

In estimating LP. in practice, simplifications are possible. If the polarizability at 
the “vulnerable” end is much lower than at the conjugate end, as in the case in 
which J;= const, then the length of the conjugate end can be neglected. Equation 
(8.17) is integrated from E, to Ejjm, and there is no need to calculate E). 


8.2.2.3. Monopolar tube 
For a monopolar tube, the relationship between the external current and the 
potentials at the ends can be obtained from expression (8.7): 


Ennax Eq 
2 2 
I. = Bas) = 27r Gf *(Em)+* f (8) dE — af a p f (E) dE, 
Es Es 
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where E,,,,x and Eg are, respectively, the potentials at the more strongly polarized 
end of the tube and at the opposite end, respectively. 

As in the preceding case, the external current will have its limiting permissible 
value when E,,..= Ejim. Hence we can obtain the condition of stability for a 
monopolar tube, relating the external current J, with the limiting permissible current 
Tim for a semi-infinite tube 


<1 (8.20) 
Fim — 18 
where 
2 i 
Ig =2nr CI(Eq) + fs) dE (8.21) 
p 
Es 


i.e., Ig is the external current for a semi-infinite tube at the end of which the 
potential is equal to Ey. 

From (8.20) it follows that condition (8.14) for semi-infinite tube is necessary 
but not sufficient for a monopolar tube. If it is not satisfied, it becomes necessary to 
use a metal with other characteristics or to take special protection measures. 
If (8.14) is satisfied, such a value for the length of the monopolar tube can be 
found, above which the condition of stability (8.20) will be satisfied. 

Using the expression for the distribution of the potential along the monopolar 


tube (8.6) and substituting Ig = \/ I; — I2, we get: 


fs tat FE) | ap 
Peer 


P 


E rd — a 
Q a Enux) ofr \dE+ . a os 


Expression (8.22) can be integrated in steps, similarly to that for a bipolar tube. 
Using the value of L/",, it is possible to obtain the condition for the stability of a 


im? 


monopolar tube of length L: 


>I (8.23) 
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As the tube gets longer, the external current to it is distributed over a larger area of 
the internal surface, and the potential E,,,,, is less shifted to the side of potential Ej;,,. 


8.3. PRACTICAL STEPS AND EXAMPLES OF CORROSION 
STABILITY ESTIMATION OF STRUCTURES IN THE FORM 
OF TUBES OF DIFFERENT TYPES 


The corrosion resistance of a metal structure is estimated in accordance with 
the above, in the following sequence. 


1. Calculate fj, for a semi-infinite tube and determine I[./Iim. 

2. Determine whether the tube-shaped structure is bipolar or monopolar. 

3a. In the case of bipolar tube for which the condition (8.14) is satisfied for the 
more “vulnerable” end, the estimation of the stability is over: the structure will 
remain stable regardless of its length. Otherwise, LP, is calculated with the aid 
of Equation (8.17) and condition (8.17) 1s verified. If it is satisfied, the structure 
will remain stable for a given maximum permissible length. If (8.18) is not 
satisfied, the structure can be made stable by changing its length, by using 
materials with different electrochemical characteristics, by taking special 
measures to reduce external currents or by applying special measures of 
protection from electrocorrosion. These measures can be adopted 
independently of one another or in various combinations according to the 
particular conditions. 

3b. If (8.14) is not satisfied for the case of a monopolar tube, protection can be 
obtained by taking the measures indicated in step 3a, apart from those involving 
changes in the length of the tube. If condition (8.14) is satisfied, then Lj, 

is calculated from Equation (8.22), and the stability condition (8.23) is tested. 

If it is satisfied, the estimation is over. Otherwise, stability must be obtained by 

taking the measures given in step 3a, except for those involving changes in the 

length of the tube. 


For changing of the diameter as well as the length of the tube, the estimation of 
stability begins with step 1. 

Let us estimate some examples of the practical application of the above- 
considered results in certain electrochemical plants. 


Example 1. Estimation of possibility of using connecting tubes (nozzles) of titanium 
in titanium brine and chloranolyte pipelines of chlor-alkali electrolysis plants. The 
diameter of the nozzles is 50 mm. 

It was shown above that the leakage currents in these pipelines reach 2 A. The 
polarization curve for these conditions in the range of potentials from E, to E, 
(Figure 8.2, curve 1) can be represented with a fair degree of accuracy in the form 
of two straight lines (Table 8.1, No. 1). Calculation revealed that [./in > 1. 
Consequently, the nozzle, which we shall regard as a section of a monopolar 
tube, will fail in any length unless special protection is provided. 
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Figure 8.2 Anodic polarization curves on titanium (1 and 3), stainless steel 18-10 (2) and 
Ti-—2% Ni (4). For conditions (see Table 8.1 under the same numbers). 


Example 2. Sodium perborate electrolysis plant. 

It was noted above that the headers for feeding solutions to the electrolyzers of 
these plants are made of stainless steel 18-10 and the leakage currents at the 
connecting tubes (nozzles) reach 1.6 A (Table 8.1, No. 2). 

In the potential range from E,%0O to E=1.05V, the polarization curve 
(Figure 8.2, curve 2) can be represented as a straight line (Table 8.1, No. 2). 
At higher potentials the current rises exponentially with the potential. 

The above considered tests on steel under anodic potentiostatic polarization 
revealed that up to a potential of 1.8 V the corrosion rate in the given medium does 
not exceed 0.1 g/m h and rises only at 1.9V to 0.7-1.4 g/m h. To increase the 
reliability of the calculation, a lower value of E\j,,=1.5 V was adopted. Never- 
theless, as seen from Table 8.1, [./limn <<< 1, i.e., a nozzle of steel 18-10 is able to 
remain stable in these conditions. 

Examples 1 and 2 show that an important role is played by the polarization 
characteristics in choosing metallic materials for structures acted upon by external 
currents. Although the leakage currents are comparable, in the former case the 
nozzle is unstable, but in the latter case it is stable, despite the fact that the Ej;,, is 
much higher in the former case. 


Example 3. Estimation of the stability of metallic overflow units for alkali liquor 
mounted on diaphragm electrolyzers in chlor-alkali electrolysis plants. 

The leakage currents in the streams of electrolyte flowing out of these structures 
reach 2 A (Table 8.1, Nos. 3 and 4). The structures are in metallic contact with the 
steel cases of the electrolyzers (a source of leakage currents) and therefore can be 
regarded as of the monopolar tube type. 


Table 8.1 Data for estimating corrosion resistance of tube-shaped metal structures (radius r= 2.5 cm) under the action of leakage currents 


No. Plant Metal Electrochemical I, (A) Tim (A) 
Media characteristics characteristics 


Composition Temperature p(Qcm) E,(V) Eiim(V) Interval Polarization 


(g/l) (CC) E(V) characteristics 
i=f(E) 
1 Chlor-alkali Titanium 300 NaCl 80 1.6 0 5.3" 0-1.6 i=0.25 x 10 °E 2 0:13 
1.6-5.8  i=(3.8E-2.1) x 10° 
2  Naperborate Steel 150 NaxCO3+ 15 10.2 0 15° 0-1.05  i=(0.037+0.92F) x 10° 1.6 11.7 
18-10 25 NaHCO; 1.05-1.5 i= 0.32 x 107'%e? 7 
3 Chlor-alkali Titanium 120 NaOH + 90 ml -~0.9 65° 0.9 to 1.6 i=(2E+1.8)x 10+ 2 1.4 
200 NaCl 1.6-6.5 — inim=5X10-* =const 
4 Chlor-alkali = Alloy = 120 NaOH + 90 11 -1.0 15 1.0 to 0.6 i=2 x 10-° =const 2 300 
Ti-2% Ni 200 NaCl 0.6-1.5 i=0.2 x 10 %e'> 7F 


* : wo : 
Fjim is taken to be equal to pitting potential E,. 
+k 2 : : 
Value of Ej, is underestimated. 
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For overflows of titanium, the polarization curve can be represented in the form of 
two straight lines (Figure 8.2, curve 3), and between E= 1.6 V and Ejin = E, = 6.5 V, 
the current is practically independent of the potential. 

As seen from Table 8.2, for titanium I./him > 1, so that titanium overflow units 
will not be stable when acted upon by leakage currents; this is confirmed by the 
above-considered experience of their operation. 

Let us consider the possibility of protecting them by insulating them from the 
cases of the baths. In this case, the overflow unit will be regarded as a bipolar tube; 
its maximum permissible length can be calculated using Equation (8.17). Calcula- 
tions revealed that LP =68cm. In practice, the length of an overflow unit is 
L=100cm, ie., L/L?,, > 1, and consequently insulation from the case does not 
afford protection. It is also undesirable, because it can lead to failure of the 
electrolyzer case due to leakage current attack in the insulation section. 

Let us assess the possibility of replacing the titanium by the alloy Ti-2% Ni. The 
polarization characteristic of this alloy is quite different from that of titanium 
(Figure 8.2, curve 4). Above the potential value of 0.6 V, a Tattel dependence 
characterizing oxygen evolution takes place and the activation potential cannot be 
reached even in laboratory tests. As a deliberately underestimated value of Ej, = 1.5 V 
was accepted, it was found that [./Kin<< 1 (see Table 8.2) and correspondingly 
L/Lim >> 1. Consequently, under these conditions the overflow units of alloy Ti-2% 
Ni will retain their corrosion resistance. 

The given examples show that the developed estimation principles provide 
quite a lot of information on the corrosion stability of tube-shaped metallic 
structures in the field of an external current, and enable the definition of measures 
that are necessary for protection from attack by these currents in electrochemical 
plants of different types. 


8.4. SIGNIFICANCE OF THE ELECTROCHEMICAL 
CHARACTERISTICS OF PASSIVE METALS FOR THE 
ESTIMATION AND PROVISION OF CORROSION 
STABILITY OF METAL STRUCTURES 


The examples given in the previous section show that polarization character- 
istics and limiting permissible potential values determine, in many cases, the corrosion 
stability of a metal in the field of an external current. Some additional explanations are 
necessary in connection with these electrochemical characteristics of metals. 

The stability condition I./in, <1, which is equivalent to condition (8.1), means 
that the maximal possible density of the external anodic current, which is concentrated 
in the areas of its action on the metal, is lower than the anodic current density of the 
metal in a passive state. In most cases this is possible only when the external current is 
spent on the oxidation of the solution components on the passive metal surface at a 
potential value E,,., which is lower than the activation potential E, in the conditions 
under consideration. From this, it is inferred that the corrosion stability of a metallic 
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Table 8.2 Examples of metal-aggressive environment systems with various A=F,,—F, 
relationships 


No. A Metal Environment Temparature (°C) 

1 >0 Carbon steel 120 g/l NaOH + 200 g/1 90 
NaCl; 1 N NaOH 

Steel 18-10 Electrolyte of copper 60 

electrorefining 

2 <0 Ti, Ti-0.2% Pd, NaCl solutions 80-100 

Ti-5% Ta 
3 <<0O Ti Electrolytes of nickel and 60-85 


copper electrorefining 
(sulfate and chloride-sulfate 


solutions) 
4 <0 — Steel 18-10 Electrolyte of perborate 15 
production 
Ti-2% Ni 120 g/l NaOH + 200 g/1 90 
NaCl 
Ni Up to 50% NaOH 110 


structure is mainly determined by the character of the polarization curve, since the ratio 
I./Tim and the relationship between E, and E,,, are determined by this curve. 

Similar reasoning is possible for a cathodic current action on the metallic 
structure. In this case, the cathodic activation potential E.., has to be more negative 
than the reduction potential E,.g of some of the solution components, and the 
external cathodic current will be spent on the reduction of these components. 

Based on the results of the executed investigations, the systems of metals in 
aggressive media can be divided into four types, in accordance with the indicated 
electrochemical characteristics (Figure 8.3 and Table 8.2). Each of the numbered 
curves in Figure 8.3 and the same numbered position in Table 8.2 relate to the 
correspondingly numbered type of the four types considered. Metal characteristics 
under the action of an external anodic current, which is usually more dangerous 
than a cathodic current, are considered. 

For facilitating the analysis, it is worthwhile introducing a quantity that characterizes 
the relationship between the potentials of the oxidation of the solution components and 
the activation of metals A = E,,.— E,. If A > 0, the metal activates at a potential which is 
more negative than the oxidation potential or in the region of this potential (Figure 8.3, 
curve 1 and Table 8.2, No. 1). Activation of the stainless steels in the copper electro- 
refining electrolyte occurs at the potential that is more negative than the potential of 
oxygen evolution (A > 0). The activation potential and oxygen evolution potential on 
carbon steel in alkaline and chloride-alkaline media are close to one other (A= 0). 

A metal with a polarization characteristic corresponding to curve 2 in Figure 8.3 
(Table 8.2, No. 2) does not activate when the E,, value is reached (A< 0). 
However, as a result of an oxide film barrier forming on the metal surface, only a 
small share of the external current is spent on such a metal for oxidation of the 
solution components at the potentials above E,,. In the process of the oxide film 
growth under the action of the external anodic current, the metal potential 
continues to shift to the positive side and reaches the value of E,. 
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Figure 8.3. Typical anodic polarization curves for passive metals (explanations are given in 
the text). 


Curves 2 and 3 differ from one another by a great quantitative difference 
between the activation potential values E,, related to the difference in the activation 
mechanisms of these metals. It will be shown in Chapter 9 that this difference is 
significant when sectionalization of the piping is carried out in the field of the 
external current (Section 9.3). 

The magnitudes of the current density in a passive state i, of the metals of 2-d and 
3-d types are usually small, owing to the barrier film formation. Thus, condition 
A < Ois necessary, but not sufficient, for preventing the potential shift of the metal to 
E, under the action of the external current. It is also necessary that the magnitude of 
the current density of the oxidation of the solution components must prevail over 
the magnitude of the external current density below potential E,. Type 4 satisfies this 
requirement. When potential E,, is attained in such a system, no barrier film is 
formed and the external current is spent on oxidation of the solution components, 
but not on the metal activation. 

In the example of type 4 given in Table 8.2, the kinetics of the oxidation of the 
solution components has a Taffel dependence. This means that the surface of the 
passive metal possesses a high electrochemical activity with respect to the oxidation 
of the solution components. As follows from a comparison of curves 2 and 4, just 
owing to this character of polarization of curve 4, the metal retains its corrosion 
stability under the action of the external current in the conditions under considera- 
tion. Despite the high values of the external current, the criterion of corrosion 
stability is I./Tim <1. It is seen from Example 3 of the previous section that the 
corrosion stability of a titanium structure was attained only by substitution of the 
titanium having a polarization characteristic of type 2, by the alloy Ti-2% Ni, 
which has a polarization characteristic of type 4 (Figure 8.3). 


Stability of Passive Metals in Aggressive Media Under External Current 139 


Electrochemical characteristics that are analogous to the ones considered above can 
be used for estimation of the stability of metal structures under attack by external cathodic 
currents, although the differences in the mechanisms of cathodic and anodic metal 
activation have to be taken into account. Cathodic activation of metal, if it occurs at a 
predetermined potential, is sometimes not accompanied by a variation of the polarization 
curve, since the current is not spent on metal dissolution under cathodic polarization. 
A rather similar situation may also occur under anodic polarization, e.g., when the 
corrosion rate rises simultaneously with oxygen evolution on the metal surface, as occurs 
on carbon steel in alkaline solutions (see No. 1 in Table 8.2). 

The modulus of the potential shift to the negative side under the action of a 
cathodic current is usually smaller than the modulus of the shift to the positive side, 
by an anodic current of the same size. However, this difference can be regarded in 
the given case as quantitative, but not as qualitative. Therefore, the above reasoning 
is applicable also when corrosion attack by external cathodic currents is considered. 
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The methods and means of protection of metallic piping and structures from 
electrocorrosion in electrochemical plants considered in this chapter are similar, 
at least partly, to the ones used for the protection of underground metallic structures 
from corrosion by stray currents. Modifications of these methods which take 
into account the distinguishing features of electrochemical plants and sometimes 
completely transform the existing methods are also discussed. 


9.1. INSULATING COATINGS 


Since it is impossible to stop the electrolyte flows inside the operating techno- 
logical lines, the leakage currents that penetrate to these lines from the electrolyzers 
were always regarded as an unavoidable harm. Therefore, up to the 1980s, the 
protection of the metallic piping and equipment in electrochemical plants from 
electrocorrosion mainly consisted of their isolation from contact with the aggressive 
environment and of other means of reducing the leakage current. As mentioned in 
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Chapter 2, similar means are applied for the protection of underground and 
underwater structures from corrosion by stray currents. 

Isolation of the metal from contact with the aggressive environment with the 
help of non-metallic, corrosion-resistant materials is also used in many cases for the 
protection of metallic structures from attack by leakage currents in electrochemical 
plants, although most of the existing paints and polymer coatings are penetrable by 
water and oxygen [1]. It is obvious that the stability of a structure protected by an 
isolating coating is determined by the stability and quality of this coating, and not 
by the characteristics of the isolated metal. Therefore, carbon steel is most often 
used as the coated base metal. 

Underground and underwater metallic structures may continue working for 
quite a long period of time, even in the case of partial damage to the coating, if they 
do not come under the attack of stray currents. Cathodic protection of the 
structures that have defects in their coatings further increases their lifetime. 

In relatively slow corrosion processes, such as the corrosion of carbon steel in 
neutral media, defects and pores in the coating may become clogged by corrosion 
products, which leads to a dying down of the corrosion processes in the defects. On 
the other hand, in media of high aggressiveness, at elevated temperatures and flow 
rates, the corrosion products usually dissolve or are removed by the solution flow, 
and the corrosion rate does not go down with time. 

A combination of high environmental aggressiveness, severe technological 
regimes and the presence of external currents determines the higher requirements 
demanded from the isolating materials and the isolation quality of the metallic 
piping and equipment in the electrochemical plants, which limit the range of 
appropriate materials for selection. 

As the external current concentrates in the defects of the coating, the current 
density in these defects may become very high. Accumulation of the corrosion 
products leads to bloating end, consequently, to mechanical destruction of the 
coating in the defective areas. Therefore, along with the requirement of a high 
chemical resistance, the most stringent demands of tautness, strength and non- 
porosity are imposed on the protective coatings in electrochemical plants. 

Enamels are unsuitable for the protection of piping and equipment in the zones 
of external currents because of their porosity. An attempt to apply an enamel 
coating for the protection of a 1km long and 100mm diameter brine supply 
pipeline of carbon steel in a diaphragm electrolysis plant failed: the whole line 
was replaced by a Teflon pipeline after 4 days of operation. The major part of the 
enameled pipeline failed already on the first day. In the absence of leakage currents, 
other things being equal, this line should be in operation for a long time. 

Rubber linings and some other kinds of lining belong to non-porous coatings that 
are able to work without destruction for a relatively long time [2]. For example, a 
fairly positive effect was experienced using chlorine-resistant linings, such as ebonite, 
in chlor-alkali plants [3]. Ebonite produced on the basis of chloroprene rubber is the 
most stable in the environments of these plants [4]. Rubber lining has been used for 
many years for the protection of pipelines, electrolyzer covers and other equipment 
[5]. Large-size equipment was protected by linings with an underlayer of ebonite or of 
another polymer material and 2-3 layers of diabase tiles [3]. 
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Practical experience has shown that the lifetime of the isolating coatings 
depends not only on the environmental aggressiveness, but also on the quality of 
the isolating materials, and it can thus vary in a large range, from 0.5 to 5 years [3] 
under the same working conditions. 

It was noted in previous chapters that oxidizers belong to the most common 
environmental components of the electrochemical plants. Their presence leads to a 
sharp reduction in the lifetime of polymeric materials and of rubber linings. 

The lifetime of rubber-lined piping for wet chlorine and chloranolyte does not 
usually surpass 1 year, and for the brine piping (which does not contain dissolved 
chlorine) it is significantly higher: 1.5—3 years. The lifetime of the rubber-lined covers 
of electrolyzers is also fairly limited due to destruction of the lining, which preferen- 
tially occurs at the boundary between the electrolyte and wet chlorine phases [5]. 

Although the problem of selecting accessible, reliable and stable isolating 
materials for the highly aggressive environment of electrochemical plants has not 
found a conclusive solution until now, using these protective materials still remains 
attractive. This is explained by the comparatively low cost of this protection and by 
the possibility of the anti-corrosion crews of the electrochemical plants executing 
such protection themselves. 


9.2. REDUCTION OF LEAKAGE CURRENTS COMING 
FROM ELECTROCHEMICAL CELLS 


Reduction of the external current acting on the metallic structure is usually 
regarded as a means of diminishing, but not of preventing, the corrosion destruc- 
tion of the metal. In fact, when a metal corrodes in an active state (as, e.g., carbon 
steel in soil or water) the corrosion rate is proportional to the magnitude of the 
external anodic current, i.e., the lower the current, the lower the corrosion rate. 
Moreover, reducing the external current acting on the passive metals may, in some 
cases, completely prevent the corrosion failure. Such a possibility is proved in 
the example on titanium in a chloride-alkaline solution considered in Chapter 8 
(see Table 8.1, No. 3). When the external current I, is reduced to below 1.4 A, the 
criterion [./Tjim <1 is met, and the titanium structure remains stable. This became 
possible due to the relatively high value of the current density in the passive state of 
titanium in this solution. In any event, even when a reduction of the external 
current does not lead to the satisfaction of condition I./]jj, <1, a reduction in the 
corrosion rate 1s achieved. Therefore, the attempt to reduce the external current is 
always justified. 

Reduction of leakage currents which penetrate from the electrolyzers to the 
pipeline and equipment is usually achieved by increasing the electrical resistance 
between the electrolyzers and the pipelines and of the resistance to current flow 
along the group and set headers of the electrochemical plants [6, 7]. 

There are some differences between the means of reducing leakage currents 
along the piping for electrolytes and those for wet gases. 
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9.2.1. Reduction of leakage currents along electrolyte piping 
and prevention of current oscillations 


The most simple and accessible and, therefore, the most widely used means of 
reducing leakage currents from electrolyzers consists of increasing the length of the 
tubes connecting the electrolyzers and the group headers. When these tubes are 
made of insulating materials, the electric resistance of the electrolyte flowing inside 
them is proportional to their length. These means are most feasible when the tubes 
of insulating material, such as rubber, have a comparatively small diameter (25-50 mm). 
For example, a quite effective reduction of the leakage current along the brine 
pipelines of a diaphragm electrolysis plant was achieved by increasing the length 
of the rubber hoses used for feeding the brine to the electrolyzers [8]. 

Feeding nickel catholyte to the electrolyzers in nickel electrorefining plants is 
carried out through distribution rakes [9]. Long (more than 1 m) rubber hoses are 
attached to the rake nipples which have a diameter of 6-10 mm. 

Increasing the path length of the electrolyte at the degassing tanks output (from 
which the electrolyte is sent to the electrolysis baths) in copper electrorefining 
plants can be achieved by improving the construction of the distribution rakes 
(Figure 9.1). The path length in the improved device is increased by 1-4 m; in 
addition, the electrolyte section inside the device is reduced [10]. 

At the areas of the electrolyte outflow, it is possible to raise the electric resistance 
by breaking the jets of the electrolyte into drops or by dividing them into smaller 
jets. A lot of devices have been developed for this purpose, including the ones 
installed at the input and output areas of the electrolyzers [11-16]. Theoretically 
some of these devices could produce an effective breaking of the jet. However, in 
practice they are not always sufficiently effective, for different causes: fouling and 
clogging by salt depositions, skewness of parts of the device, etc. Nevertheless, 
some of the devices for jet breaking are widely applied in practice. For example, 
devices for jet breaking are applied on the caustic liquor lines at the output of 
diaphragm electrolyzers [5]. When care is taken in the maintenance and control of 
these devices, they enable a reduction of the leakage currents from the electrolyzers. 


Figure 9.1 Distribution rake of insulating material: (a) old construction; (b) improved 
construction. Arrows show the direction of the electrolyte flow. 
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However, their efficiency diminishes as the capacity of the electrolyzers rises, since 
it is more difficult to break the jets of an larger diameter pipe. 

As already noted above, the values of the leakage currents and their distribution 
character largely depend on the layout of the piping and technological equipment 
[6, 7]. The location of the electric resistance along the technological line also 
influences the magnitude of the leakage currents. For example, in work [6] it is 
shown that in some technological lines, increasing the resistance between the pressure 
tank and the header reduces the leakage currents more significantly than increasing 
the resistance between the connecting tubes of the electrolyzers. Therefore, between 
the metallic group and set headers, as well as in some areas of the headers themselves, 
it is expedient to install insulating inserts. Replacement of these inserts in the case of 
their destruction as a result of their low chemical resistance, is much less expensive 
than replacing the whole piping. Sometimes, increasing the electric resistance along 
the piping is executed by breaking metallic contacts between the connecting flanges. 
As in the cases of prevention of contact corrosion, contact breaking is carried out by 
insulating the connecting bolts from the flanges with sleeves and washers of insulating 
materials that are placed on the bolts [17]. 

Intensive corrosion was revealed inside the gas ducts for the flow of the gas—liquid 
mixture in the electrolyzers of water electrolysis plants [18]. The corrosion was caused 
by current oscillations inside the electrolyte which was saturated with gas bubbles. 
Prevention of this corrosion damage was achieved by the installation of expanders [19] 
at the connection tubes of the electrolyzers. These devices homogenized the gas flow, 
suppressed the current oscillation and, in this way, prevented the development of 
corrosion. 

It is shown in Ref. [20] that modulation of current oscillations in alkaline water 
electrolysis noticeably influences the activity and stability of nickel cathodes. It may 
be expected that excluding this oscillations would increase the efficiency and 
operation stability of the cathodes. 


9.2.2. Reduction of leakage currents along piping of wet gases 


As the sources of the leakage currents along the wet chlorine piping in chlor-alkali 
plants were considered, it was shown that the condensate layer which is formed on 
the internal surface of the tubes (chlorine taps) made of an insulating polymeric 
material connecting the electrolyzers and the headers, constitutes a pathway for the 
leakage currents coming from the electrolyzers to the pipelines and equipment. The 
condensate of the wet chlorine contains about 1 g/l of NaCl and dissolved chlorine. 
The internal surface of the chlorine taps is chlorinated and becomes porous. Due to 
the presence in the condensate layer of the technological solution components and 
as a result of impregnation of the internal layers of the chlorine taps with this 
condensate, these tubes have a fairly high conductivity. 

In water electrolysis plants, the condensate is alkaline. Gaskets of rubberized 
asbestos which are installed at the flange connections of the hydrogen piping are 
impregnated with alkaline condensate and become conductive [21]. All these 
circumstances lead to the penetration of quite high leakage currents to the piping 
and equipment of the gas lines in water electrolysis plants. 
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Although the leakage currents along the wet gas lines are lower than those along 
the electrolyte lines, they can cause intensive corrosion of metallic piping and 
equipment, as occurred with the titanium headers of the wet chlorine lines in 
chlor-alkali electrolysis plants (see Chapter 4). Therefore, the wet gas lines, like the 
electrolyte lines, must be supplied with a means of reducing the leakage currents. 

As for the electrolyte lines, increasing the length of the connecting tubes is also 
applicable for the wet gas lines. For example, in diaphragm electrolysis plants the 
length of the chlorine taps attains 2—3 m. Insulating inserts are also often installed in 
the group and set headers of these plants. 

Some special means for reduction of the leakage currents can be used in the wet 
gas lines. First of all, the correct selection of the material and structure of the tubes 
connecting the electrolyzers with the headers must be done. Along with high 
insulating properties, the material of the connecting tubes must possess a high 
chemical stability and low wettability. The best material possessing these properties 
is polytetrafluoroethylene (Teflon). This material does not become friable and porous 
on contact with the aggressive gas. When the flowing layer of condensate contacts 
with Teflon, which is characterized by its low wettability, discontinuities are formed 
in the flow. This leads to an increase in the ohmic resistance of the condensate layer. 

Accumulation of condensate inside the connecting tubes must be avoided. For 
this purpose it is recommended that the horizontal sections of the connection tubes 
be provided with a slight slope and that deflections and shoulders on the internal 
tube surface be avoided. 

It is seen from Table 9.1 that a sharp reduction of the leakage currents was 
achieved when Teflon tubes replaced the rubber lined tubes of the chlorine taps. In 
most of the Teflon chlorine taps the leakage currents were reduced by two orders of 
magnitude or more. The electrical resistance of the Teflon chlorine taps determined 
the character of the distribution of the leakage current along the set of electrolyzers. 
The typical character of current distribution (going down from the margins to the 
center of a set) was not observed in this case. As seen from Table 9.1, even the 
leakage currents from adjacent electrolyzers may have opposite directions. 

Testing titanium headers with Teflon chlorine taps have shown that the first 
corrosion perforations on titanium appeared after no less than 1.5 years of opera- 
tion. It is most probable that the damage resulted from a growth in the current, only 


Table 9.1 Leakage current along wet chlorine taps made 
of rubber lined carbon steel and of Teflon 


No. of electrolyzers Leakage current (A) 


Rubber lining Teflon tube 


1 48x 10° 3.0 x 10° 

3 1.05 x 107 2.3x 10° 
13 45x107 71x 10° 
22 1.5 107 -4.5x 10° 
126 7.5x10° 3.0 x 10-4 


128 75x 10° —1.5x 107 
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at the end of this period of time. Deposits which formed on the internal surface of 
the tubes increased the wettability of the Teflon surface, which led to the current 
growth. It may be suggested that regular cleaning or timely replacement of the 
Teflon tubes should increase still further the operation time of the titanium headers 
without any corrosion damage. Thus, the correct selection of the material and the 
structure of the connecting tubes for wet gases can be considered as an effective 
means of metal protection against corrosion attack by leakage currents. However, it 
is impossible to completely prevent the corrosion damage by these means. 

The application of insulating inserts made of materials such as Teflon in 
horizontally disposed headers for wet gases is less effective than those in vertical 
and sloping sections of the headers, because accumulation of condensate is possible 
between the shoulders of the flange connections of horizontal pipes. A special 
device was developed for interrupting the condensate layer in horizontal sections of 
metallic pipes for wet gases. The efficiency of this device was studied in a laboratory 
installation which modeled the operating conditions of a pipe for the transportation 
of wet chlorine (Figure 9.2). 

Chlorine gas was heated and wetted in vessel 1 containing distilled water, and in 
vessel 2a containing 100 g/l NaCl solution and introduced into rubber tube 3 through 
lateral orifices made in its wall and disposed above the solution. The chlorine then 
passed through a short titanium tube 4, connecting rubber tube 5, titanium tube 6, 
second connecting rubber tube 7, second titanium short tube 8, and rubber tube 9. 
The lower ends of tubes 3 and 9 were immersed in the 100 g/l NaCl solution of vessels 
2a and 2c. From the output of vessel 2c, the chlorine was sent for absorption by an 
alkaline solution. 

The lengths of titanium tubes 4 and 8 were 60 mm, the length of titanium tube 
6 was 1000 mm; the internal diameters of all the regarded tubes were 10 mm. 

Vessels 1 and 2a were thermostatted at a temperature of 90°C. Graphite 
electrodes 11a and 11c were immersed into the solutions of vessels 2a and 2c, 
respectively. During the flowing through the system of tubes 3-9, heated and 


KKK} 49 Cc 


Figure 9.2 Installation for modeling operation conditions of titanium piping for wet chlorine 
in the field of external current (explanations are given in the text) (see color plate 2). 
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Figure 9.3. Character of current growth along the titanium tubes simulating titanium piping 
for wet chlorine. 


wetted chlorine formed a layer of condensate on their walls, which produced an 
electric circuit between the electrodes 11a and 11c. The current of this circuit was 
registered by a milliammeter. A coulometer C-1 measured the current quantity that 
passed through the circuit during the experiments. 

The initial current appeared 20-30 min after supplying a voltage of 350 V across 
the electrodes. During 5h of testing the current reached a magnitude of 0.3 mA, 
and after that it oscillated around this value (Figure 9.3). It seems that the formed 
condensate layer attained a maximum thickness over 5h. Current that was close 
to the maximum value (0.3mA) reappeared almost immediately upon a restart 
(after the previous 6—-8h of work). This means that the condensate layer formed 
inside the chlorinated rubber tubes, remained inside them after the previous tests. 

After 25 days of testing at the considered installation, pits filled with white 
corrosion products (TiO2) were formed at the ends of titanium tubes 4, 6 and 8 
disposed at the side of the cathode, 1.e., attacked by the anodic current (Figure 9.4). 
A comparison of the weight loss (0.011 g) with the magnitude of the electric 
current passed through the circuit (160 Coulombs) showed that no less than 60% 
of the current was spent on metal destruction. The total damaged surface area 
attained was 0.1-0.2. cm’. Hence, at a current of 0.1mA (about 1h after the 
beginning of the test) the metal was in an active state (pitting), since the current 
density, assessed in relation to the damaged surface area, reached the value of about 
1mA/cm*. As was shown in Chapter 6, the titanium activation potential E, was 
attained under similar conditions at much lower values of the current density. After 
a restart, the conditions of titanium activation were reached almost immediately. 
Thus, the operating conditions of the titanium piping in the field of the external 
currents can be simulated in the considered installation. 

Studies of the device for interrupting the condensate layer were carried out in the 
considered installation. The operating principles of the device (Figure 9.5) involve 
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(a) (b) 


Figure 9.4 Corrosion damage of sections of the titanium tubes attacked by anodic leakage 
currents: (a) — at the tube end; (b) — under the rubber hose. 


2\1 5 ae 4.7, 3 


Figure 9.5 Device for condensate layer interruption (explanations are given in the text). 
(see color plate 3). 


heating a pipe section, which is insulated from the rest of the pipe, to a temperature at 
which the condensate evaporates from the heated surface area [22]. 

The tested model of the device included two titanium bushes 5 insulated from one 
another by a Teflon ring 7. Similar rings 7 were installed at the other ends of the 
bushes 5. Gas-tight connection of the bushes 5 and rings 7 was executed by adjusting 
flanges 2 and 3, which were tied by studs 4. Spirals 8 of Ni-Cr alloy were put on 
bushes 5 and insulated from the bushes by mica pads 9. The wall temperature of the 
bushes 5 was controlled by thermocouples 10. 

The device was mounted at one of the ends of tube 6 of the considered 
installation (see Figure 9.2) with the help of a screw 1. In the process of stepwise 
temperature increments (by 10°C), the magnitudes of the currents between the 
electrodes were measured. 

The results of the measurements after heating to a temperature of 150°C are 
presented in Figure 9.6. During the initial heating period, some current growth 
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Figure 9.6 Current reduction along titanium tubes of a model device for condensate layer 
interruption in chlorine piping. 


occurred, owing to the increasing conductivity of the condensate layer with rising 
temperature. Then, over a short period, oscillations in the current were observed, 
related, most probably, to the unstable state of the condensate layer at the initial 
stage of its evaporation. After 5-10 min, when a temperature of 150°C was reached 
at the internal surface of the titanium bushes, the current began to diminish and 
dropped to a minimum magnitude of 0.5UA over 30min, which was about 
30 times lower than the initial magnitude of the current. 

As the heating of the bushes was stopped, a reduction in the current from 0.5 to 
0.1 A took place, which can be explained by a reduction in the ion conductivity 
of the dry deposit formed on the internal surface of the Teflon rings with the 
reduction in temperature. Twenty minutes after the heating was stopped, the 
current began to rise anew, and reached its initial magnitude. 

The titanium bushes did not corrode either at 150 or at 170°C. These results 
corroborated the data [23] on the corrosion stability of titanium in wet chlorine up 
to a temperature of 200°C, 1.e., in the presence of a superheated vapor. 

There are data [24] indicating that the moisture content sufficient for 
providing titanium stability in chlorine at temperatures up to 135°C is 0.005%; 
according to more recent information [23] this required moisture content is 0.98%. 
At a temperature of 95°C, 1kg of chlorine that comes from the diaphragm 
electrolyzers into the chlorine pipeline contains about 1.3kg of water [25]. 
Hence, at temperatures of up to 150°C, titanium will retain its corrosion stability 
in the wet chlorine lines. 

Thus, interruption of the condensate layer by heating the insulated sections of 
the piping to a temperature of about 150°C can be applied as an effective means of 
protection from corrosion by the attack of external currents for metallic piping for 
wet gases in electrochemical plants. 

When such devices are applied in practice, measures should be implemented to 
avoid penetration of the condensate to the heated sections from other areas of the 
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piping. The pitch of the pipes has to be designed in such a way as to promote the flow 
of the condensate along the piping. The device would be much more reliable and 
effective if a ring shoulder is provided at the input of the insulated section. In the lower 
part of the pipe, before this shoulder, a condensate drainage system must be installed. 

Devices for interruption of the condensate layer must be provided with a means 
for monitoring and controlling the internal surface temperature of the heated 
sections, including the insulating rings. As the device works under the conditions 
in which sparking is forbidden, heating can be carried out with the help of super- 
heated vapor. 

Since the devices for interrupting the condensate layer are rather complicated 
and require constant control, they can be installed in only a limited number of 
pipeline sections. It is advisable to combine the use of these devices with other 
means of protection of the piping from electrocorrosion. For example, when a 
protection similar to electrodrainage is executed (connecting the header to be 
protected to the negative pole of a current source or rectifier), the device has to 
be installed in the marginal section (output) of the set header. In this area, the 
device interrupts the path of the current flow through the condensate layer from 
the header to the metallic equipment located outside the electrolyzer set, and thus 
prevents the electrocorrosion damage of that equipment. Therewith, lateral paths of 
current penetration must also be prevented. The possibility of this type of protec- 
tion will be considered below. 


9.3. SECTIONALIZATION OF PIPING MADE OF PASSIVE METALS 


In Chapter 8 it was shown that the maximal potential value of a metal at the 
end of a tube-shaped structural element in the field of an external current depends 
on its length. Expressions were presented for determining the permittable length of 
monopolar and bipolar tube sections. It was shown, in particular, that it is possible 
to prevent the potential shift of a metal to the activation potential value E, at the 
anodic end of a bipolar tube, i.e., reaching the fulfilment of condition 8.1, by 
reducing the tube length to a permittable size. This suggests the idea that sectio- 
nalization of the piping by creating a set of sections of tubes insulated from one 
another, can be used under certain conditions as a means of corrosion protection in 
the field of an external current [26]. 

Sectionalization of pipes made of passive metals differs in principle from the 
sectionalization of underground and underwater pipelines considered in Chapter 2 
[27]. In the latter case, a reduction in the corrosion rate is only achieved of actively 
corroding carbon steel; however, the number of areas attacked by external currents 
increases in accordance with the number of insulated sections. 

In some very simple cases, the possibility of sectionalization can be assessed 
without any special calculations. For example, if the voltage in a set of electrolyzers 
for copper electrorefining is 320 V, and the activation potential of titanium in the 
technological solution is 140 V, then, assuming a uniform potential distribution 
along the titanium technological pipeline located parallel to the set, protection can 
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be provided by dividing the pipeline into three or more equal sections insulated 
from one another. Consequently, under these conditions, sectionalization of pipe- 
lines made of metal with a high E, value and acted on by an external current can 
be an effective means of protection from corrosion, without requiring the applica- 
tion of any additional means and methods of corrosion protection. 

The voltage across a bath for the chlor-alkali electrolysis of common salt is 
about 3.5V [28], i.e., below the activation potential of titanium E,6V. 
Consequently, if a single bath has a titanium frame, no measures are needed 
to protect the titanium from corrosion by an external current. However, a 
titanium pipeline for a set of 120 baths must be divided into about 100 sections, 
which is inconvenient to implement in practice. 

Note that in sectionalization the values of E, must be taken into account, in 
particular, at the sites where the external currents act. These sites are usually the 
flanged joints, which have welding seams and where crevices can form under 
the packing. According to the data given above, the potential E, for titanium 
under the influence of an anodic current in the welding seam zones and in crevices, 
can go down sharply. Specifically, in the electrolysis of nickel (sulfate—chloride 
solution at 85°C) the E, goes down from 85 to 5.4-5.6 V both in crevices and at 
welding seams. In the solution for copper electrorefining (sulfuric acid solution at 
65°C) the E, at a welding seam is reduced from 140 to 9.5-10V. 

In practice, the distribution of potentials and currents along a branched system 
of pipes and associated metallic and non-metallic equipment is not uniform along 
the set of electrolyzers, and it is difficult to take account of the many particular 
features of each specific technological scheme in the calculations. Therefore, it is 
most expedient to consider the distribution of the potential in the separate pipe 
sections, which can be considered as a bipolar tube. 

A solution to the problem of the permissible length L of a bipolar pipe is given 
in work [29] and in the previous chapter of this volume. This solution is signifi- 
cantly simplified if the activation potential value E, surpasses the value of the 
stationary (open circuit) value E, of the metal by some orders of magnitude 
(E,>>E,). Only in this case, does the sectionalization of the piping become 
expedient. The magnitude of E, usually varies in a narrow range and does not 
surpass the value of 1 V, even in environments which have a high redox potential. 
Hence, the value of the initial (open circuit) potential E, can be ignored and the 
maximum potential shift to the anodic side of the tube section (AE,,,.) can be 
accepted, with sufficient accuracy for our purposes, as close to the E,,,, value, i.e., 


AE max = Peis = E, y+ Enax: 


The value of the activation potential E, can be accepted as the maximum 
permissible potential, i-e., Exiax S Ey. 

Typical anodic and cathodic polarization curves for a passive metal that is char- 
acterized by a high activation potential value can be represented, respectively, by 
curves 1 and 2 in Figure 9.7. The current density value i, in the anodic curve 1 in the 
potential range from E; (close to E,) to E, is constant, or its variation is insignificant 
and can be ignored. 
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Figure 9.7 Typical anodic (1) and cathodic (2) polarization curves for a passive metal used for 
the calculation of piping sectionalization. 


The deviations in the potential from E, to E,,, at the cathodic end can also be 
ignored, since |Ecat| << |E,|.The most probable values of E.,, lie in the range from 
0 to -1.5V, where the most negative value corresponds to the potential of water 
decomposition. If water contains components capable of being reduced on the 
metal, the maximum cathodic potential will be even more positive. The length of 
the cathodic end of the section can therefore be ignored in the considered case. 
This is all the more justified because the variation of the potential at the cathodic 
end is more rapid than at the anodic end, since the cathodic polarizability of a 
passive metal is usually lower than the anodic one (see Figure 9.7), while the rate of 
change of potential increases with decreasing polarizability [30]. 

An expression for determining the permissible length L of a tube section with a 
radius r in the field of an external current I, was obtained in Ref. [26]. The 
parameters of the passive metal: E,, E,, E, and i,, the values of which can be 
found from the anodic polarization curve, are used in the expression. The final 
equation takes the following form: 


4m’? ip(E,— 1) 
(E; — E,)nr’ . p 
Ar? r il By _ E,) 2T ri, 
p 


where p is the conductivity of the solution. 

This expression (9.1) affords a rapid and reliable means of estimating the 
maximum safe length of a section of pipeline or other tube-shaped structure 
made of passive metal. 


L= iP 
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9.4. POSSIBILITIES OF APPLYING “TRADITIONAL” METHODS 
OF ELECTROCHEMICAL PROTECTION AND THEIR 
MODIFICATIONS FOR ELECTROCHEMICAL PLANTS 


As the condition (8.1) of the corrosion stability of a structure consists of 
maintaining the metal potential within the predetermined permissible boundaries, it 
can be suggested that the necessary stability can be achieved by using electroche- 
mical methods of corrosion protection. 

Cathodic protection has a limited application in environments of high aggres- 
siveness owing to the elevated energy expenditure (protection by an impressed 
current) and to the intensive consumption of the sacrificial anodes [31]. It is even 
more ineffective under conditions of attack by external currents, where these 
expenses further increase. Anodic protection, which is quite widely used in che- 
mical and other branches of industry [32] needs very strict control of the potential 
and current values, which cannot be done in the presence of uncontrolled external 
currents. 


9.4.1. Electrodrainage protection 


Electrodrainage, which is applied as a major method of corrosion protection against 
attack by stray currents, can also be used for the protection of metallic structures in 
electrochemical plants. For example, the frames of electrolyzers for electrolytic 
borating were protected by electrodrainage [33]. In this case, the frames were 
connected to the negative pole of the power source. 

A method for the corrosion protection of some metallic structural elements con- 
nected with electrolyzers was proposed in a Polish patent [34]. It can be considered as 
electrodrainage since it consists of using the positive pole of a power source (rectifier), 
to which is connected an auxiliary electrode (anode), through a resistor. In an example 
which is given in this patent, sections of tubes made of acid-resistant steel for the input 
and output of electrolyte in a copper electrorefining plant were protected. A short tube 
of lead was used in this example as the auxiliary electrode. As the protection was 
executed, the potential of the acid-resistant steel shifted to the negative side, from 1.1 
to 0.2 V, 1.e., from the transpassive field (see Chapter 1) to the field of a stable passive 
state. In this example, as in other cases of electrodrainage protection, the size of the 
current coming from the electrolyzers to the communication lines sharply increases, 
owing to a fractional shunting of the current path through the electrolyte by 
metallic conductors. This type of protection can be applied in some special cases 
which are defined by specific characteristics of the technological design and by 
structural parameters of the protected equipment. 

A similar protection principle to the one considered above was proposed in a 
Czechoslovak patent [35] for the protection of pipelines and equipment in the areas in 
which corrosion damage is possible by leakage currents coming from anodic protec- 
tion installations. In this case, the auxiliary electrode was connected to the positive 
pole of the power source used for anodic protection. The auxiliary electrode, 
insulated from the communication lines was, installed in the protected area. 
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The possibility of using electrodrainage protection for titanium headers was 
tested in a chlor-alkali diaphragm electrolysis plant during a period when only 
two of the ten groups of electrolyzers were in operation. The insulating inserts 
of rubber-lined carbon steel installed between each of the group headers and 
the set header were shunted before testing, to prevent electrocorrosion damage 
to the areas of the set header that were adjacent to these inserts. The set header 
was directly connected to the negative pole of the series power source (rectifier) 
by a metallic conductor, and the measured amperage along this conductor was 
equal to 22.4A. The general load of the commercial electrolysis plant in the 
period of the measurements was 40 kA. Thus, in the absence of any additional 
resistors in this circuit, the magnitude of the drainage current came to only 
0.05-0.06% of the electrolysis current. This result suggests that, in principle, 
electrodrainage can be applied to protect titantum headers of wet chlorine. 
However, it must be taken into account that this protection may be used 
only in the absence of any connection of the electrically insulated protected 
structure with other structures through the electrolyte. Moreover, the metal of 
the protected structure has to be resistant against hydrogenation and corrosion 
at the negative potential values to which it shifts under the conditions of the 
electrodrainage protection. 

In many cases, it is difficult, and sometimes even impossible, to prevent the 
connection of the protected structure with adjacent unprotected metallic structures 
through the electrolyte. For example, corrosion damage of heat exchangers, valves 
and other metallic equipment located out of the electrolysis zone may occur when 
electrodrainage protection is used. It is practically impossible to break the electro- 
lyte flow inside the systems that are filled with the electrolyte. In addition, the 
leakage currents in these systems can grow to values at which energy losses 
become significant. 

In wet gas lines, the interruption of the electrolyte layer can be executed with 
the help of the device that was described in Section 9.2.2 of this chapter. 

It can be concluded that the traditional methods of electrochemical protection 
and their modifications, in which external power sources are used, can find only a 
limited application in the protection against electrocorrosion in electrochemical 
plants. 


9.4.2. Protection by sacrificial anodes for current drainage in chloride 
electrolysis plants 


Sacrificial anodes made of actively dissolving metals for current drainage, which are 
applied in sectionalized piping as one of the means of the protection against 
corrosion attack by stray currents of underground structures of carbon steel and 
of the reinforcement in concrete, were discussed in Chapter 2. The stray current 
runs off from the insulated section to these anodes, and from the anodes it drains off 
into the ground. Thereby, the anodes are dissolved by the current and prevent 
corrosion damage to the structure. 
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It is clear that such anodes are inapplicable for the protection of piping and 
equipment in the highly aggressive environments in electrochemical plants. This is 
due, not only to the difficulties of installing them inside the operating equipment 
and to the necessity of executing constant control and monitoring of these anodes, 
but also to contamination of the technological solutions by corrosion products of 
these anodes. 

Protection by sacrificial titanium anodes for current drainage, which was used in 
one of the electrochemical plants can be considered as a modification of this means 
of protection. These anodes were installed at the branches of a titanium group 
header for wet chlorine attached to the chlorine taps made of insulating material 
connecting the header with the electrolyzers (Figure 9.8). 

Replaceable anode 1 was mounted between branch 2 of the header and chlorine 
tap 3, made of insulating material, with the help of adjustable flanges 4 and studs 5. 
Sealing of the connected parts was provided by rubber gaskets 6. The electric 
connection between the anode and the branch was carried out through titanium 
contacts 7, connected by a titanium bolt 8. The area damaged by the external 
current was displaced from the fixed branch 2, to an easily replaceable anode 1. As 
the chlorine gas constitutes the technological environment in this case, the problem 
of environmental contamination did not arise. 

However, the lifetime of these anodes was short; from several weeks to several 
months (Figure 9.9). Regular operations of control and replacement of the 
destroyed anodes was necessary, which interrupted the normal operation of the 
equipment. Moreover, this form of protection led to significant losses of expensive 
metals, such as titanium, and required additional operations for manufacturing new 
anodes. Therefore, this protection can be regarded as a temporary means, to be 
carried out only in cases when other, more effective, methods of protection cannot 
be applied. However, it can be regarded as much more effective when such 
sacrificial anodes are used in combination with Teflon chlorine taps. 


Figure 9.8 Protection of a branch of titanium group header for wet chlorine by titanium 
sacrificial anode for leakage current drainage (explanations are given in the text) (see 


color plate 4). 
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Figure 9.9 Perforation of titanium sacrificial anode for leakage current drainage. 


9.4.3. Protection by sacrificial anodes for current drainage in 
electrolysis plants with metal deposition 


Protection against corrosion attack by anodic leakage currents with the help of 
sacrificial anodes for current drainage, can also be applied in electrolysis plants with 
metal deposition, such as electrorefining plants. In this case, the principle of the 
protection involves the installation of anodes made of electrorefining metal in the 
areas of anodic current action. As the protected area of the metallic structure and 
the anode are brought into electrical contact, the metal dissolution under the action 
of the external anodic current is displaced from the protected metal to the actively 
dissolving anode. The current that drains off from the anode is spent on its 
dissolution. This protection is not accompanied by electrolyte contamination 
because the anode is made of the same metal that is dissolved in the industrial 
electrorefining process. 

Since the technological solutions for electrorefining are so selected that the 
refining metal dissolves at a minimal overvoltage, the major share of the external 
anodic current acting on the structure of the passive metal is concentrated on the 
anodes. 

Let us consider the possibility of applying this principle for the protection of 
titanium and stainless steel 18-10 under the conditions of copper electrorefining 
and for the protection of titanium under conditions of nickel electrorefining. As 
seen from Figure 9.10, at the potentials of the active dissolution of copper and 
nickel (curves 1—3), titanium and stainless steel are in a stable passive state (curves 4 
and 5). The current densities at the passive state of these latter metals are 3—4 orders 
of magnitude lower than the current densities of the active dissolution of copper 
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Figure 9.10 Anodic polarization plots on titanium (1, 2), stainless steel 18-10 (3), copper (4) and 
nickel (5) in electrolytes of electrorefining of copper (1, 3, 4) and nickel (2, 5). 


and nickel. This indicates the possibility of applying this principle of protection in 
the conditions under consideration. 

Galvanostatic tests using the combined electrodes, steel 18-10-copper and 
titanium—copper, in the electrolyte of copper electrorefining, and titanium—nickel 
in the electrolyte of nickel electrorefining, were carried out to verify the efficiency 
of this protection principle. Each of these electrodes consisted of two 10-mm 
diameter cylindrical specimens made, respectively, of protected and of refining 
metals. For connecting this pair of specimens, a blind center-screw hole was 
made at the end of one, and a center-screw tail at the end of the other. The tail 
was screwed into the hole. A ring gasket isolated the connected end surfaces of the 
specimens from penetration by the solution. 

The tests were carried out at a current density of 5 mA/cm? (related to the surface 
area of the anode) and at a ratio of the working surface areas of the protected metal to 
the surface area of the anode of 2.5:1. For both titanium and stainless steel, the open 
circuit potential that was established before the polarization was close to the potential 
of the anode. At the contact with copper and nickel, this was equal, respectively, to 
0.37 and 0.095 V. The protected metals retained their metallic shine and their weight 
losses were close to zero. The current was entirely spent on the dissolution of copper 
and nickel, with an efficiency close to 100% (taking into account the dissolution in the 
form of Cu’ and Ni** ions). The corrosion of these metals was uniform and its rate 
reached values, respectively, of 66 and 55g/m7h. Thus, the tests confirmed the 
efficiency of the considered method of corrosion protection. 

An important advantage of this method is its ability to protect passive metals, no 
matter what their values of activation potential. 

It should be noted that the consumption of the anodes does not lead to any 
additional expenses and losses of the anode material, because the anodes for the 
corrosion protection, like the anodes for the electrorefining, are made of metals that 
are intended for dissolution. On the contrary, these anodes allow, in some cases, “the 
trapping” of the leakage currents and diversion of them to the metal refining process. 
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Figure 9.11 Simplified scheme of a device with two alternative electrodes for protection of 
metallic structures from corrosion by external currents under the conditions of electrolysis 
with metal deposition on the cathode (explanations are given in the text) (see color plate 5). 


The dissolution rates of the refining metals in the technological solutions of the 
electrorefining plants are quite high, even in the absence of an external anodic 
current. This rate strongly increases under the influence of an anodic current, so 
anodes of a large mass have to be used for protection. Nevertheless, they need 
constant monitoring and control and must often be replaced. Therefore, despite the 
high effectiveness of this method of protection, the possibilities of corrosion 
protection by sacrificial anodes are rather limited. 

Under the conditions of electrolysis with metal deposition on the cathode, the 
possibilities of protection by a dissolving anode can be broadened by using a special 
device [36], a simplified scheme of which is given in Figure 9.11. 

Electrodes 3 and 4, made of corrosion-resistant conductive materials, are 
installed between two parts, 1 and 2, of a metallic structure, which are under 
the action of an external current I,. Each of the electrodes is coated with 
layers, 5 and 6, of the metal which is deposited on the cathode in the given 
electrolysis process. Switch P of any kind (electronic, mechanical, etc.) pre- 
sented in the example of Figure 9.11 is connected to electrodes 3 and 4. It 
consists of a stator A that has eight immobile contacts a, b, c, d, e, f, g and h 
and a turning cross-shaped rotor B with four mobile contacts. 

The device operates in the following way: 

At the position of the rotor that is indicated in Figure 9.11 by solid lines, 
contacts a-e and cg are closed; thereby, electrode 3 comes into contact with part 1, 
and electrode 4 with part 2, of the structure. The major share of the external 
current J, that leaks from the electrolyte in part 1 is directed through contacts a—e to 
electrode 3, and it is spent for the dissolution of layer 5 and for additional metal 
deposition on layer 6 of electrode 4. These processes take place because of the low 
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overvoltage values of the anode metal dissolution and of its deposition on the same 
metal. In other words, at this position of the rotor, layer 5 works as a dissolving 
anode and layer 6 works as a cathode of the same metal. The arrows indicate the 
directions of the current [, flow from the moment of its leaking into part 1 and up to 
its leaking out from part 2 (to which the current flows through contacts g—c ) into the 
electrolyte. 

As layer 5 is dissolved to some predetermined thickness, rotor B turns automa- 
tically by 45°, to the position indicated in Figure 9.11 by the dotted lines. Thereby, 
contacts a-e and c—g are interrupted and contacts h—d and fb are closed. It is seen from 
the figure that, in this case, the current comes from part 1 of the structure, through 
contacts h—d, to layer 6, which works as a dissolving anode. At the same time, the 
metal is deposited on layer 5, which works as a cathode from which the current 
flows, through contacts f-b, to part 2 of the structure. At the following turn by 45°, 
the electrodes reverse their functions anew. Thus, layers 5 and 6 are deposited on 
electrodes 3 and 4, which alternately rise and fall in thickness. 

The device can be installed inside an insulating insert disposed between the 
protected metallic pipes. The thickness of layers 5 and 6 is selected as a function of 
the size of the external current and of the surface area of electrodes 3 and 4. The 
device possesses all the advantages of the principle of corrosion protection by 
dissolving anodes, and at the same time does not require constant control and 
replacement of dissolving anodes. Also, it does not need the application of anodes of 
a large mass. Moreover, the device prevents metal deposition on the areas of the 
structure where cathodic currents are acting. Such deposition usually occurs in the 
form of dendrites, which hinder the electrolyte flow inside the pipes. 
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10.1. PROTECTION OF METALS WITH THE RELATIONSHIP 
A=E ox — Ex, <0, AGAINST CORROSION ATTACK BY AN 
EXTERNAL ANODIC CURRENT, WITH THE HELP OF 
DIMENSIONALLY STABLE — CURRENT LEAK-OFF ANODES 


10.1.1. Theoretical basis 


The results of the investigations of the corrosion stability of metals with different 
electrochemical characteristics considered in the previous chapters, point to the 
possibility of retaining the stability of a metallic structure in the field of an external 
current, if the metal possesses a high electrochemical activity. In this case, the term 
“electrochemical activity” means the ability of the metal to participate in oxidizing 
processes of the solution components on its surface, along with maintaining its passive 
state under the action of an anodic external current. Such a possibility was confirmed, 
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particularly, when investigations were carried out on a Ti-2% Ni alloy in a chlor-alkali 
solution and of stainless steel 18-10 under the conditions of sodium perborate produc- 
tion. These metals possess a high electrochemical activity related to the oxidation of 
hydroxyl ions from the solutions. Anodic activation of the metals does not occur 
during this process, because the oxidation potential of hydroxyl ions is more negative 
than the anodic activation potentials of these metals, i.e., the potential difference: 


A = (Eox — E,) <0 (10.1) 


The part of a structure made of a metal that possesses the indicated properties, works as 
an anode. Electrochemical processes of the oxidation of the solution components take 
place on its surface under the action of the external anodic current. As shown, under the 
conditions of perborate production, 7cm long and 5cm diameter tube branches of 
stainless steel 18-10 are able to retain their stability at such high current magnitudes as 
1.6 A. At the comparatively small dimensions of this part of the structure, the irregu- 
larity of the current and distribution of the potential over the metal surface can be 
ignored and its dimensions can be defined on the basis of the permissible magnitude of 
the anodic current density under the considered conditions. 

It was shown in Chapter 6 that titanium possesses an unusually high activation 
potential, which is much higher than the oxidation potential of the solution compo- 
nents, such as chlorine and hydroxyl ions, i.e., the stability condition 10.1 is satisfied for 
titanium. Nevertheless, as opposed to the metals considered in the examples given 
above, titanium undergoes corrosion damage under the attack of low density external 
anodic currents, as was shown in Chapters 4 and 6. The barrier oxide layer formed 
on its surface deprives it of the electrochemical activity (ability to oxidize chlor—ions 
and other components of the solution). In other words, titanium is not able to 
work as an electrochemically active anode under the action of an external anodic 
current. 

The fact that the activation potential of titanium is more positive than the 
oxidation potential of the solution components raises the possibility of stopping the 
“falling off’ of the potential of the metal to the value of the activation potential 
caused by the attack of the external anodic current [1]. This idea is realized by 
setting up an electric contact to the areas of the titanium structure to be protected, 
with anodes that possess electrochemical activity and corrosion stability in the given 
ageressive environment. In particular, thermodynamically stable metals such as 
platinum and platinum group metals can be used as anodes (see Chapter 1, 
Figure 1.5). As the external anodic current attacks the metallic structure protected 
by these anodes, the titanium potential shifts to the positive side, up to the value of 
the oxidation potential of some of the solution components. Since the overvoltage 
of the oxidation processes on electrochemically active metals is comparatively low 
(at least, with respect to titanium), the entire current will focus on the anodes and 
will be spent for the oxidation reactions of the solution components. Realization of 
this idea involves the selection of optimal materials, constructions of the anodes, 
and optimization of their location on the titanium structure to be protected. 

In electrochemical plants, current densities on the anodes of the modern 
electrolyzers attain very high values. For example, in chlor-alkali electrolysis 


New Methods of Protection of Passive Metals in Electrochemical Plants 165 


plants, the current densities attain 100 kA/ m° and more. Therewith, the anodes 
have to maintain a long-time stability and efficiency, which is characterized by a 
low overvoltage of chlor-ion oxidation to molecular chlorine, in accordance with 
the reaction: 


2Cl = Ch +2e7 (10.2) 


The sizes of the leakage currents are several orders of magnitude lower than the 
sizes of the industrial electrolysis current. Hence, anodes of a small surface area are 
able to provide efficient corrosion protection of large-size titanium structures under 
the attack by leakage currents. 

Graphite was used for a long time as a major anode material in diaphragm 
electrolyzers of chlor-alkali electrolysis plants [2, 3]. However, its stability was 
insufficient, owing to oxygen evolution on the anode surface, along with chlorine 
evolution. This oxygen oxidized the graphite that was accompanied by the forma- 
tion of carbon oxides, and led to anode wear that, in turn, led to the distance 
between the anodes increasing, to the voltage in the baths increasing and, in the 
final analysis, to significant energy losses. 

Owing to their thermodynamic stability, platinum and platinum group metals 
possess a high corrosion stability. Moreover, these metals are characterized by a 
low overvoltage of chlorine evolution at high current densities [2-6]. Since these 
materials are expensive, they are applied in industrial anodes in the form of thin 
coatings, in the order of magnitude of microns, applied to a titanium base. 
Nevertheless, the wear of these coatings leads to significant losses of the precious 
metals. In this connection, researches on less expensive anode materials are 
constantly being carried out all over the world. The possibilities of producing 
electrochemically active coatings of base metal oxides — Mg, Co, Pb, etc. — have 
been studied [2, 4, 7—9]. 

In the 1970’s, titanium anodes with a titantum—ruthenium dioxide coating 
found extensive application in chlor-alkali electrolysis plants [2, 10-13]. Since 
these anodes are stable and do not change their dimensions during their operation, 
they received the name “dimension stable anodes” (DSA). They are less expensive 
than platinum coated anodes and have similar electrochemical characteristics. 

The efficiency of the protection provided by DSA, or other anodes, depends on 
the overvoltage of the process of oxidation of the solution components on its 
surface in the given electrolyte and on the activation potential of the protected 
metal. This is illustrated by the diagram shown in Figure 10.1, in which simplified 
polarization curves are presented for anodes (1—3) and for metals (4, 5) which have 
activation potentials Ea, and Eas and are protected by these anodes. 

It is seen from Figure 10.1 that the higher (more positive) is the E, value of the 
protected metal, the higher will be the oxidation current density of the solution 
components i,, reached on the anode surface in the field of potentials which are 
more negative than the activation potentials E,. In Figure 10.1, the maximal 
current density obtained for metal 4, which has an activation potential of E,,, is 
i, and the maximal current density are obtained for metal 5, which has an 


Ox 


activation potential of E,,, is i”. It is seen that E,, > E,, and, other things being 
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Figure 10.1 The dependence of the oxidation currents i,, on the character of the polarization 
plots (1-3) and on the values of the activation potentials of the protected metals (4, 5). 


equal, i” >i/.. It is clear that the current density of the oxidation also directly 
depends on the oxidation overvoltage of the solution compounds on the anode, 
i.e., it depends on the slope of the polarization plot of the anode and on its shifting 
to negative values of the potentials (compare plots 1-3). 

Thus, the protected metal must possess a high value of the activation potential E, 
and the anodes must possess a high electrochemical activity to afford an effective 
protection from corrosion by an external anodic current. As these conditions are 
satisfied, the major part of the external current which reaches the protected structure 
is concentrated on the anodes, and it is spent not for the corrosion destruction of the 
metal, but for the oxidation reactions of the solution components on the anode surface. 

Aqueous chloride and sulfate solutions belong to the most widely used media in 
electrochemical plants. Consequently, the oxidation of hydroxyl- and chlor-ions to 
molecular oxygen and chlorine, and the oxidation of the sulfate ion to persulfate are 
the most widely met reactions. The standard potentials of these reactions are quite 
high: 1.29, 1.36 and 2.01V, respectively [14]. Among the structural metallic 
materials considered above, only titanium and its alloys have E, values that are 
significantly higher in neutral, acid and alkali media than the above-mentioned 
values of the standard potentials. 


10.1.2. Experimental verification of the protection principle 


To estimate the feasibility of the regarded method for the protection of titanium from 
corrosion by an external anodic current, anodic polarization plots were obtained on 
titanium and on anodes of graphite and of titanium—ruthenium dioxide coating (DSA), 
in 1 and 300 g/1 NaCl solutions, respectively, at a temperature of 90°C (Figure 10.2). 
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Figure 10.2 Potentiodynamic (0.72 V/h) anodic polarization plots on titanium (1, 2), and on 
anodes of graphite MG (3, 4) and of titanium with titanium-ruthenium dioxide coating (5, 6) in 
NaCl solutions: 300 g/I (1, 3, 5) and 1 g/1 (2, 4, 6). Temperature, 90°C. 


At a potential of 1.4 V, in the Taffel area of chlorine and oxygen evolution, the 
current density on the anode materials is 3—4 orders of magnitude higher than that 
on titanium, which at this potential has a stable passive state. It was shown above 
that under potentiostatic polarization, the current density on titanium is addition- 
ally reduced by an order of magnitude, due to the barrier film growth on its surface. 
The potentials at which the evolution of chlorine and oxygen start are about 4.5 V 
more negative than the activation potential of titanium (A= E,, — E,¥ —4.5). This 
indicates that, in accordance with the considered principle, it is possible to implement 
an effective protection of titanium from corrosion by an external anodic current. 

The current share which is spent on the anodic materials for oxygen evolution 
increases in dilute solutions [15]. Since the overvoltage of oxygen evolution on 
these materials is usually significantly higher than the overvoltage of chlorine 
evolution (see Chapter 1), the efficiency of these materials in the dilute solutions 
is noticeably reduced. This can be seen, for example, by comparing polarization 
curves obtained on the DSA anodes in 300 g/l and 1 g/l NaCl solutions (curves 5 
and 6). Nevertheless, due to the high E, value of titanium, these anodic materials 
can still provide effective protection of titanium. However, the possibility of 
elevated wear of the anodes related to the preferential oxygen evolution in the 
dilute solutions has to be taken into account. This effect is especially significant on 
the graphite anodes, due to their oxidation by the evolving oxygen [3, 15]; on the 
DSA anodes, the elevated coating wear occurs as a result of reaching the “critical 
potential” of the stability of the active coating [16]. Therefore, it is recommended 
that, along with the anodes, a means of reducing the current also be applied when 
the protection is carried out in dilute solutions. 

Verification of the effectiveness of the protection principle was carried out on 
combined specimens made of titanium in contact with DSA anodes. Spade- 
shaped specimens of 0.15 mm thickness and 7.5 cm? working surface area, cut 
from titanium foil, were used for this purpose. Narrow strips of titanium foil 
with a titanium—ruthenium dioxide coating were welded to these specimens by 
resistance welding. The coating was made in full accord with the technology 
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developed for DSA anodes [11]. The surface areas of the strips were equal to 0.5 
and ().3cm”, so the ratios of the titanium/DSA surface areas were equal to 15:1 
and 25:1. 

Under anodic polarization in a 1 g/l NaCl solution at a current density of 1 mA/ 
cm* (calculated with respect to the total surface area of the combined specimens), 
potentials of 1.7 and 2.4 V, respectively, were stabilized on the combined specimens 
over half an hour, i.e., the maximal potential value remained about 4V more 
negative than the titanium activation potential E,. Therewith, the titanium part of 
the specimen did not undergo corrosion damage and maintained its initial metallic 
shine after 5h of polarization. It is seen from Figure 10.2 that the potential values 
obtained on the combined specimens are similar to the values of the potentials 
installed on the DSA anode, assuming that the current is entirely concentrated on 
the surface of the anode. Thus, the studied anode, as an object of current leaking 
off, provides effective protection of titanium from corrosion by an external anodic 
current. 

It was of interest to estimate the possibility of protecting systems which are 
characterized by the relationship A 0 using the principle under consideration. It 
was shown in Section 5.2.1 that carbon steel in alkaline solutions belongs to such 
systems, and it was noted that nickel and nickel coatings possess high corrosion 
stability and high electrochemical activity in these solutions. 

As can be seen from Figure 10.3, in 1 N NaOH solution, at a temperature of 
90°C, the overvoltage of the oxygen evolution on nickel and on steel with a nickel 
coating, is only 70 mV lower than that on carbon steel. However, as opposed to 
carbon steel, nickel and nickel coatings do not corrode in the field of oxygen 
evolution. 

The assessment of the efficiency of nickel anodes in protecting carbon steel 
was carried out on combined cylindrical specimens of carbon steel in contact 
with nickel, that had a diameter of 10mm and a steel to nickel surface area ratio 
of 5:1. 
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Figure 10.3 Anodic polarization plots in 1N NaOH solution on: 1 — carbon steel St 3; 
2— carbon steel with nickel coating; 3 — nickel. Temperature, 90°C. 
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Connection of the elements of the combined specimens was carried out in a similar 
manner to the connection described in the previous chapter (where testing of the 
combined electrodes, which included dissolving the anodes for drainage of the external 
anodic current, was discussed). At a current density of 50 mA/cm” (calculated as the 
relationship between the impressed current and the total surface area of the combined 
specimen), the corrosion rate of the carbon steel was equal to 0.6 g/m7h and the 
corrosion rate of the nickel was close to zero. For a carbon steel specimen tested without 
contact with nickel, the corrosion rate was almost double: 1.1 g/ nv h. Inaccordance with 
the calculation based on the polarization curves, the current density on the carbon steel 
specimen was ~20 mA/cm”, and on the nickel specimen it was an order of magnitude 
higher: ~200 mA/ cm*. Thus, the anode dissolution of the carbon steel was reduced, but 
not eliminated. The corrosion rate of the carbon steel specimens, measured without any 
contact with other metals at a current density of 20 mA/ cn? (see Section 5.1.3), was close 
to the value obtained here. Thus, when A * 0, ice., at close values of the metal activation 
potential, E, and the oxidation potential E,, of the solution compounds on the anode 
surface, contact of the protected metal with the anode provides only partial protection of 
the metal from corrosion by an external anodic current. 

The major advantage of the considered protection principle arises from the fact 
that it does not require the use of any external current sources (as in the case of 
cathodic protection by an impressed current and electrodrainage) and does not 
require the use of sacrificial anodes (as in the case cathodic protection by protectors 
and by dissolving anodes draining off the external current). 

The anodes that are used for metal protection in accordance with the regarded 
principle concentrate the entire external current, or a major part of it, on their 
surface. Since this current is spent not for corrosion destruction of the metal, but for 
oxidation reactions of the solution components, these anodes received the name 
“current leak-off” anodes. 


10.2. CORROSION PROTECTION WITH THE HELP OF 
DIMENSIONALLY STABLE ANODES, ORIENTED ALONG THE 
FIELD OF THE EXTERNAL CURRENT 


10.2.1. Theoretical basis 


The feasibility of the principle of corrosion protection discussed in the previous 
section are limited by the requirement A = (E,,.— E,) < 0 (10.1), which is imposed 
upon the structural materials. In practice, the only structural metallic materials that 
satisfy this requirement are titanium and its alloys. Metals such as niobium and 
tantalum, which have very high values of activation potential, are very expensive, 
and are used as structural materials only in singular cases. 

Thus, it was necessary to find new ways of metal protection under the attack of 
external currents, which are not limited by the requirement A < 0. 

It was already emphasized that the corrosion protection of passive metals can be 
retained only under the conditions at which the potential value at the protected 


170 Electrocorrosion and Protection of Metals 


area of the structure is maintained in the field of the metal passive state. It is most 
probable that these conditions can be achieved by using electrochemical methods of 
protection. 

When the dissolving anode is oriented along the field of the external current, its 
corrosion rate, maximal at its end, decreases in the opposite direction to the current 
flow direction, due to the irregular current, and potential distribution along the 
anode. This effect is used in applied electrochemistry, particularly for sharpening 
needles by electrolytic etching [17, 18]. 

It was shown in Chapter 8 that irregular currents and potential distributions also take 
place along the elements of structures made of passive metals and oriented along the 
field of the external current. In a cross-section in which the current flow through the 
metal is interrupted, the current and potential values are maximal. As the distance from 
the current interruption cross-section increases, in the direction opposite to the direc- 
tion of the flow of the current, the current and potential values decrease: the current 
approaches zero and the potential approaches the value of the open circuit potential. 

The regularities of the currents and potential distributions along tube-shaped 
elements of metallic structures that were considered in Chapter 8 made it possible to 
estimate the corrosion stability of these elements in the field of the external current, 
based on the condition E,,,,, << E,. When this condition is met, the structural element 
can be regarded as a corrosion-stable anode. It was shown however, that the metal of the 
estimated structure is often far from possessing the necessary combination of corrosion 
and electrochemical characteristics that afford the fulfillment of this condition. 

The requirement E,,,.< E, can be reached by installing stable anodes at the 
areas of attack by external currents, which are oriented along the field of the 
external current and have the necessary length [19]. The effect of irregular potential 
and current distributions along these anodes in the field of the external current can 
be utilized in this manner for corrosion protection of the metallic structure. 

There is no need to impose the requirement A < 0 upon the protected structural 
metal when such anodes are applied. At each A value, by varying the anode length 
and the remote distance from the structure along the direction of the external 
current (taking into account E, and other electrochemical and corrosion 
characteristics of the metal), it is possible, in principle, to achieve a reduction of 
the potential at the protected area to the necessary safe value. 

As the principle of protection from electrocorrosion under consideration is 
implemented, the value of the oxidation potential of the anode E,, does not 
depend on determining the characteristics of its interaction with the metal— 
aggressive environment. Generally, the maximum potential value at the anode 
end, which is at a maximum distance from the protected area of the structure 
along the field of the external current, can be higher, lower or equal to E,. When 
the requirement E, < E,,,, 1s not fulfilled at the remote anode end, reduction of the 
potential takes place along the anode, towards the protected structure. The size of 
this reduction depends, first of all, on the dimensions of the anode. As shown in the 
previous chapter, the rate of the potential reduction along the anode depends on its 
polarization characteristics in the given aggressive medium, on the conductivity of 
the medium, on the geometric parameters of the anode and the protected structure, 
and on the magnitude of the external current [20]. 
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The stable anode which is installed in the protected area of the piping or the 
tube-shaped structure, should preferably also be manufactured in the form of tube. 
It touches the protected area as if it were a continuation of this area. The field of the 
external current is extended inside and along the tube; and the anode forms a part of 
this tube. With such a shape, the anode is always oriented along the field of the 
external current. 

The equations of the potential distribution along a tube in the field of an 
external current J., which include all the above-mentioned characteristics of the 
metal and of the electrolyte, and also take into account the distribution of the 
potential in the electrolyte along the radius, are given in Chapter 8. These 
equations can be used in the same way to estimate the corrosion stability of a 
tube of a known length and for determining the length of the stable anode which is 
necessary to reduce the potential along this anode from some maximal value E,,,, at 
one of its ends, to a safe value E < E, at its other end [21]. The difference exists in 
only one detail: in the first case, the distribution of the potential along a homo- 
geneous tube is considered, and in the second case, this distribution is along a 
combined tube (which includes the protected structure area CA and the anode BD) 
(Figure 10.4). In cross-section A of the point of their contact, the potential values of 
both sections are equal, but the current density changes abruptly, in accordance 
with the polarization characteristics of the protected metal and of the anode. 

The fulfillment of the requirement E,,.. < E, can be reached not only by using 
an anode that is extended to a necessary length, but also by its remote location at the 
necessary distance along the direction of the external current. The second option 
makes it possible to reduce the anode length, and this can be realized by installing a 
tube AB made of conductive, (Figure 10.4b), or insulating, (Figure 10.4c), material 


Ey <E, Eg2E, Ep>E, 


Figure 10.4 Protection from corrosion by the attack of an external current on tubes filled with 
electrolyte by using anodes: a — extended; b, c — remote, placed towards the direction of the 
external current field. BD — anode; AB -— interstitial tube of conductive (b) or insulating 
(c) materials; FC and DL — parts of insulating tubes; P — external conductor (see color plate 6). 
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between the anode and the protected structure. Using a conductive material for 
tube AB is admissible in the case that the requirement A = E,,.— E, < 0 is satisfied 
for this material (see above). 

The rate of the voltage drop along the conductive tube may be lower than that 
along an insulating tube, since the metallic tube partially “shunts” the electrolyte, 
due to leaking-off of a share of the current from its internal surface. 

The change in the potential along the tube of an insulating material has a linear 
character, in accordance with Q’s law. 


10.2.2. Investigation of the protection principle 


The possibility of implementing of the considered protection principle was studied 
on stainless steel 18-10 in the acid-sulfate solution of the copper electrorefining 
process. It was shown previously (see Section 5.2.3) that under anodic polarization 
in this solution, steel 18-10 attains a transpassive state at potential values 1.1—-1.2 V, 
which are more negative than the oxygen evolution potential. Thus, steel 18-10 is 
characterized under these conditions by the relationship A > 0. 

It will be shown further that anodes of lead possess satisfactory corrosion stability 
and high electrochemical activity in relation to the anodic oxygen evolution in the 
acid-sulfate solutions. The processes of anodic oxidation of the solution compo- 
nents on lead run at potentials above 1.7 V [22], which are significantly more 
positive than the activation potential of stainless steel 18-10. 

The studies were done on a model of a compound tube (Figure 10.5) 
that consisted of a set of short tubes, 1, of steel 18-10. A similar model is described 
in work [23], in which it was applied for studies of the current distribution in 
the process of corrosion protection by sacrificial anodes. All the short tubes were 
insulated from one another by Teflon gaskets, 2. This made it possible to measure the 
current flowing between the adjacent short tubes by means of a milliammeter, 3. 
Capillaries of electrolytic bridges, 4, for measuring the potential were installed inside 
the tubes and were sealed by rubber gaskets, 5. The field of the external current for 
the compound bipolar tube was produced with the help of two tube-shaped 
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Figure 10.5 Model of a compound tube for estimation of corrosion protection efficiency 
by anodes oriented in the field of the external current (explanations are given in the text) 
(see color plate 7). 
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electrodes: a cathode, 6, of steel 18-10 and an anode, 7, of lead. The electrodes 
were connected to a controlled power source (a potentiostat that worked in a 
galvanostatic regime), which is not shown in the figure. In one part of the 
experiments, one of the poles of the potentiostat was connected directly to the 
short steel 18-10 tube. In this case the compound tube worked as a model of a 
monopolar tube. The interstitial tube (for remote placement of the anode) was made 
of titanium. The internal diameter of all the tubes, including the anode and cathode, 
was equal to 16mm; the total length of the compound tube was equal to 1.6m. 

The duration of the tests was 1h. A steady distribution of the potential was 
attained during this time in all areas of the compound tube. 

The solution passed through the compound tube at a flow rate of 11/h. From a 
5l-volume vessel the solution flowed by gravity through rubber tube, 8, the 
compound tube and bend, 9, which ensured complete filling of all the tubes with 
the solution. Vessels for feeding the tubes and for reception of the passed solution 
are not shown in the figure. 

Parallel to the experiments, the distribution of the potential was calculated along a 
compound specimen that was installed at the anodic end of the steel 18-10 tube and 
consisted of a 94cm long titanium tube and a 6 cm long tube-shaped anode of lead. 

Anodic polarization curves obtained on the titanium and lead, and the 
cathodic polarization curve obtained on the copper in the copper electrorefining 
electrolyte at room temperature, were used for the calculation (Figure 10.6). The 
equation for the cathodic curve was introduced into the calculation to allow for 
the influence of the cathodic end of the bipolar tube, where copper deposition 
takes place. 
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Figure 10.6 Anodic polarization plots on lead (1), stainless steel 18-10 (2) and titanium 
(3) and cathodic polarization plot on copper (4) in the copper electrorefining electrolyte. 
Temperature, 20°C. 
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The potential E, (electric breakdown) of titanium under the considered condi- 
tions is above 140 V. It is seen in Figure 10.6 that at a potential value close to 2.5 V, 
the current density on the lead is about four orders of magnitude higher than that 
on titanium. Therefore, the activation potential on titanium is not attainable and 
the current will be completely concentrated on the lead anode. 

The results of the tests are presented in Figure 10.7 and in Table 10.1. The 
model of the compound tube on which the measurements and calculations were 
carried out is as per the design given in Figure 10.4b. The letters marking the cross- 
sections at which the potential values are indicated in Table 10.1 are also used in 
accordance with this figure. When the model of the monopolar tube was studied, 
the steel 18-10 tube was used directly as a cathode. 

As seen from Figure 10.7, the experimental and calculated curves of the 
distribution of the potential along the compound tube are close to each other. 
Moreover, from Figure 10.7 and from Table 10.1, it is seen that the potential values 
reached on the lead anode are significantly higher than 2 V, i.e., they are much 
higher than the transpassivation potential of the stainless steel. Nevertheless, due to 
the remote placement of the anode towards the direction of the external current (by 
installation of an interstitial titanium pipe, or by the use of an anode of the necessary 
length) the potential at the adjacent anodic end of the stainless-steel pipe is reduced 
to a value that is below the transpassivation potential value of the stainless steel. 

Thus, from the data of Table 10.1, No. 1, it can be concluded that complete 
protection of the bipolar 18-10 steel tube was achieved when a 3cm long anode 
was remotely placed at a distance of 40 cm (including the length of the anode itself). 
In this case, the maximum potential value on the stainless steel tube, E,,.. = 0.83 V, 
was lower than the activation potential E,. When the magnitude of the external 
current was equal to 50 mA, only 32 mA entered the pipe and the rest of the current 
flowed through the electrolyte, in accordance with the results of the analysis of a 
bipolar tube presented in the previous chapter. 


Figure 10.7 Experimental (1) and calculated (2) curves of potential distribution along a 
compound tube consisting of two parts: titanium and lead (anode) in electrolyte of copper 
electrorefining at an external current of 50 mA. Temperature, 20°C. 


Table 10.1 Potential £ and current / distribution along L long tubes of models of bipolar (BP) and of monopolar (M) tubes and corrosion rate C 
of tubes of steel 18-10 


No. Typeof [,(mA) Potentials (E) in Imax inside the Current Ileaking off into the solution C (mm/ 
tube cross-sections (V) metal (mA) from separate short tubes year) 
Steel 18-10 Titanium Lead 
D B A L(cm) I(mA) L(cm) I(mA) L(cm) I[(mA) 
1 BP 50 2.3 2.06 0.83 32 20 32" 37 1 ) 31 <0.1 
2 M 100 2.45 22 1.17 100 9 4 97 2 3 94 0.5 
3 M 100 2.33 2.1 0.93 100 9 1 147 4 3 95 <0.1 
4 M 100 2.29 2.0 0.68 100 9 0.5 94 5.5 6 94 <0.1 


* z 
cathodic current 
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In the tests of a monopolar tube (No. 2), remote placement of the 3cm long 
anode at a distance of 1m, did not provide complete protection of 18-10 steel 
(Eee =1I7 VS BS). 

The average corrosion rate of the steel (without taking into account the irregu- 
larity of the corrosion distribution along the tube) was equal to 0.5 mm/year. 
Complete protection was reached either by increasing the distance of the remote 
placement to 1.5m (No. 3) or by increasing the anode length from 3 to 6cm (No. 4). 

In accordance with the results of the current distribution measurements along 
the specimen in the form of a monopolar tube, 94-97% of the current leaked off 
from the anode and only 2—5.5% leaked off from the titanium pipe, which main- 
tained a passive state under these conditions. When complete protection of the 
stainless steel was reached, the share of the current that leaked off from the stainless- 
steel tube did not exceed 1%. When the anode length or the distance of its remote 
placement was insufficient (No. 2), the value of the anodic current on the stainless- 
steel tube increased to 4%. 

The obtained results prove the possibility of metal protection from electrocorro- 
sion by anodes oriented in the field of the external current, when a sufficient length or 
distance of their remote placement are provided along the field of the external current. 

It was shown in the previous chapter that the application of nickel anodes — 
current leak-offs — did not provide complete electrocorrosion protection of struc- 
tural elements made of carbon steel in alkaline solutions. As opposed to this, using 
nickel anodes oriented in the field of an external current should provide complete 
protection of these structural elements. 


10.3. PROTECTION OF METALS AGAINST CORROSION ATTACK 
BY AN EXTERNAL CATHODIC CURRENT 


Although in the majority of cases electrocorrosion is the result of attack by 
external anodic currents, it was shown in Chapter 7 that metals such as titanium can 
undergo hydrogenation and corrosion by external cathodic currents and the corro- 
sion rate under real conditions may attain high values. 

The cathodic activation of a passive metal occurs as a result of the shift of the 
metal potential from its corrosion (open circuit) potential to the negative side, up to 
the cathodic activation potential E.,. Prevention of the shift in the potential to a 
value which is more negative than the permissible value E,yax (Emax > Eca), 1-€., 
complying with the condition (8.1b) affords protection from attack by an external 
cathodic current. 

In some cases the protection of metals from corrosion attack by external 
cathodic currents can be similar to the protection by current leak-offs, which was 
considered in this chapter. Such protection is possible when the potential of the 
cathodic reduction of the solution components is more positive than the potential 
of the cathodic activation of the protected metal, E,.qg > E.., or the algebraic 
difference A. = E,.g—E., > 0 (assuming that the cathodic potentials are negative 
with respect to the hydrogen electrode). 
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When the condition (A, <0) is not fulfilled, the protection from corrosion 
attack by a cathodic current can be reached with the help of stable cathodes, 
oriented along the field of the external current, as in the case of the protection by 
the stable anodes in the case of attack by an external anodic current. Under such 
conditions, the maximum negative potential is realized at the cathode end which is 
remote from the protected structure area, and an increase in the potential (shift to 
the positive side) takes place along the cathode, towards the protected structure 
area. Reduction of the solution components takes place at the remote cathode end 
and fulfillment of the condition (8.1b) is not obligatory. At a sufficient cathode 
length or at its sufficiently remote placement, the potential that is reached at the end 
of the protected object from the side of the cathode will be more positive than E,,, 
and the protected metal will not undergo cathodic activation. 

The distribution of the potential along a tube-shaped cathode can be calculated, 
in a similar manner to the calculation of the potential distribution along an anode, 
with the help of the equations given in Chapter 8. Therewith, the cathodic 
characteristics i= f(E) for a cathode which is stable in the given electrolyte should 
be used for this calculation. 

Studies of the possibility of cathodic protection with the help ofa cathode oriented 
along the field of the cathodic current were carried out on an installation similar to the one 
presented in Figure 10.5 with a uniform titanium tube of internal diameter 16 mm. The 
experiments were carried out at room temperature in 1M Na2SO, solution acidified to 
pH 2 with sulfuric acid. The conductivity of the solution was 0.089 Q"'cm™. 

The titanium tube was connected to the negative pole of a current source 
(monopolar tube). A short titanium tube with platinized internal surface was used as 
the anode. The external current was equal to 200 mA. 

It is seen from Figure 10.8a that along a tube that has a length of 20 cm, a fast increase 
in the potential, of 1.5 V, takes place. The results of the measurements (curve 1) and of the 
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Figure 10.8 a — experimental (1) and calculated (2) potential distribution along a tube-shaped 
titanium cathode of 16 mm diameter in 1 M Na2SO,j solution acidified by sulfuric acid to pH 2. 
External current 200 mA, temperature 20°C; b — cathodic polarization plot on titanium in the 
same solution that was used for the calculation. 
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calculation (curve 2) are close to each other. The cathodic polarization curve obtained in 
the same solution (Figure 10.8b) was used for the calculation of the potential distribution. 

Thus, when E,,,.. < E.,, the stable cathodes that are oriented along the field of 
the external current, and that have a sufficient length or are placed at a sufficiently 
remote distance are able to protect metallic structures from corrosion under the 
attack of external cathodic currents. 

It was shown in Chapter 7 that in technological solutions containing chlorides, 
under the conditions of the action of cathodic current, the ends of the titanium 
pipes can play the role of stable cathodes, when the conditions can be produced for 
the accumulation of oxygen-chlorine compounds near the surface of these areas. 
These areas of the pipes can be considered as cathodes oriented along the field of 
the external cathodic current. The potential increases along these areas to values at 
which the hydrogenation and corrosion of titanium does not occur. Specific tech- 
nical solutions for realizing such corrosion protection will be considered further. 

Discharge of the hydroxonium ion, the major component of the aqueous 
electrolytes, on the metal surface is in many cases, a determining stage in the 
cathodic process. This discharge is characterized by the Taffel dependence of the 
overvoltage 7 of the cathodic reaction at the current density: 7=a+ blog i 
[24, 25]. The coefficient a in this equation is strongly dependent on the nature of 
the metal. According to the data in Ref: [25] it is equal for iron, nickel and titanium, 
respectively, to 0.7—0.76, 0.63—0.65 and 0.82—0.83, and for platinum and palladium, 
respectively, to 0.1—0.3 and 0.24—0.53 (the first values are for acid solutions, and the 
second, for alkaline solutions). The coefficient b varies in a much narrower range and, 
in accordance with the data in Refs. [24, 26], for most of the metals it is equal to 
0.116. It is indicated in Ref. [25] that the coefficient b is significantly lower for metals 
that have a low hydrogen overvoltage than for other metals: for platinum and 
palladium it is equal, respectively, to 0.03-0.1 and 0.03-0.13, and for titanium it is 
equal to 0.14. At such relationships between the electrochemical characteristics, the 
current density of the cathodic reduction of hydroxonium must be higher on 
platinum than on titanium by no less than two orders of magnitude [27], other 
things being equal. Taking into account the high corrosion stability of platinum and 
palladium in most aggressive media, it may be expected that these metals can be used 
as effective cathodes for the protection of metals from attack by external cathodic 
currents. This is proved by the data in Ref. [28] on the reduction of titanium 
hydrogenation when it is in contact with palladium under the conditions of cathodic 
polarization in sulfuric acid solutions. It is clear that the efficiency of platinum in these 
conditions will be even higher. The restriction on the application of platinum as a 
stable cathode is related to its high price. 

Platinized titanium cathodes are not stable, owing to scaling of the platinum 
coating by hydrogen, which penetrates under the coating and forms a hydride layer 
[29]. An intermediate layer of ruthenium dioxide increases the stability of the 
cathode [29], but it does not solve the problem of the development of stable 
cathodes based on accessible and low-cost materials. The anodes with the ruthe- 
nium dioxide coatings and other types of anodes with coatings based on metal— 
oxide compounds, lose their stability as a result of variations of the external currents 
by magnitude and, especially, by direction [30-32]. 


New Methods of Protection of Passive Metals in Electrochemical Plants 179 


Some progress was achieved during the last decades, in the development of 
ceramic anodes with a coating of titanium suboxides, having a general formula 
Ti,O2,,1, on the base [4]. These coatings possess a high conductivity and stability 
under the action of both anodic and cathodic currents and are used as stable 
cathodes in sulfuric acid and other media. The oxides TiyO7 and TisOo are most 
often used for producing these electrodes [33, 34]. 

The specific challenge in the application of the stable anodes and cathodes for 
implementation of the considered principles of the protection of metallic structures 
from electrocorrosion, requires finding solutions to the problems related with the 
selection and development of materials for producing these electrodes, or devel- 
opment of the means that would provide their stability. 

The electrochemical characteristics and stabilities of the electrodes determine to 
a great extent the possibilities and the ways of their practical implementation for the 
developed methods and means of protection from electrocorrosion. 


10.4. PROTECTION OF METALS AGAINST CORROSION ATTACK 
BY LEAKAGE CURRENTS THAT PERIODICALLY CHANGE 
THEIR DIRECTION 


The protection of metals against corrosion by an external current becomes 
more complicated when the current can randomly change its direction. This may 
occur due to changes in the number of operating electrolyzers in relation to the 
zero point of a set and to the periodical inclusion of additional current sources to 
the circuits of the electrolyzers, etc. In modern plating plants, periodic reversal of a 
current is used for depositing a metal on a cathode. For example, the uniformity 
and quality of a cathodic deposit is raised by briefly changing the current direction 
(up to 7% of the time) throughout the entire plating cycle [35]. 

Titanium piping, which is able to maintain its corrosion resistance under the action of 
a cathodic current in chloride-containing media, corrodes under the attack of a com- 
paratively low anodic current. On the other hand, the stability of most coatings on stable 
anodes is reduced under the attack of a comparatively low cathodic current [30-32]. 

In these cases, it is necessary to use a protective electrode which is effective for 
both anodic and cathodic currents. Ceramic electrodes, discussed in the previous 
section, have such properties. However, they are expensive and cannot be used in 
all aggressive media in the zones of action of the external currents. 

Therefore, it was of interest to study a composite of a stable anode with a stable 
cathode and to find the conditions under which the combination would be effective in a 
protection system. Each of these electrodes should have a low overvoltage for its intended 
reaction and should protect not only the metal structure but also the other electrode. 

Following is a necessary condition of such protection at any relative arrange- 
ment of the anode and cathode in the field of an external anodic current I.: 


1) >> 09 (10.2) 


a a 
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and of the external cathodic current: 
19) >> 70), (10.3) 


where the sub- and superscripts of I, like in the following equations, designate: 
subscript — direction of the current affecting the electrode; superscript — the type of 
electrode (i.e., a — anode, c — cathode) through which the current passes. 

The conditions (10.2) and (10.3) indicate that the system will be operational 
when the anode and cathode of the composite electrode can accept a large part of 
the “like-named” current, i.e., anodic for the anode and cathodic for the cathode. 
Consequently, they relieve the action of the “unlike-named” current on the 
opposite parts of the composite electrode. 

Condition (10.2) (anodic polarization) is easily satisfied. It is enough to use a 
stable anodically active material as the anode (e.g., titanium with a ruthenium 
dioxide coating in chloride solutions) and as the cathode, a metal that is passive at 
anodic polarization and has a high anodic activation potential. The latter require- 
ment is satisfied by titanium, in chloride and sulfate solutions. Achievement of 
condition (10.3), even when the anode and cathode are similar in their cathodic 
activity, is possible by using the above-considered effect of changing the potential 
along the electrode placed along the field of the external current. In accordance 
with this effect, taking into account the non-uniformity of the potential distribu- 
tion along the electrode in the field of the external current, the anode and cathode 
must be disposed in a sequence where the anode is protected by the cathode. This is 
done by placing the anode between the cathode and the area of the metal structure 
to be protected (Figure 10.9a). In such a sequence the direction from the anode to 
the cathode coincides with that of the external anodic current field. Thus, condi- 
tion (10.3) governs the sequence of the electrode positioning [36]. 

Assuming that the anode and cathode of the composite electrode are resistant to 
their “like-named” current, it is possible to formulate the conditions to maintain 
the stability of the considered system based on the maximum permissible anodic 
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Figure 10.9 Potential distribution (b) along the composite electrode (a), placed along the field 
of external currents of anodic(I,) or cathodic (I.) directions (see color plate 8). 
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and cathodic potentials (taking the potential sign into account) produced by the 
“unlike-named” current (Figure 10.9b). 
For the anodic-direction current we have: 


EO > BO 


a max 


(10.4) 


where E® is the limiting permissible anodic activation potential for the cathode and El a 
is the maximum cathodic potential that can be reached during the anodic polarization. 
For the cathodic-direction current: 
EO) < Bo 


c min 


(10.5) 


where Ee) and Eg“ Ds are, respectively, limiting permissible and minimum potentials 
at the anode during the cathodic polarization. 
Condition (10. a is — if the cathode length [') is less than the limiting 


permissible length [\“ ) 


a max? 


16) < 09) (10.6) 


a max 


Condition (10.5) is satisfied when the cathode length 19) is enough to shift the 
potential along the electrode in the positive direction to a value sufficient to 
prevent corrosion attack thereon. This length should be higher than the minimum 
permissible value: 

1S I es (10.7) 
Combining inequalities (10.6) and (10.7) gives a condition which is sufficient for 
the system to resist a variable-direction external current: 


I; min 9 


This expression clearly shows the corrosion resistance of a given system to be 
governed by the cathode length, within certain limits. 

Let us determine the relationship between [{"),,,, and I. when the cathode is 
made of titanium. As shown in Chapter 6, titanium is characterized by a high 
anodic activation potential: over 5 V in chloride and over 100 V in sulfate solutions. 
In addition, the anodic polarizability of passive titanium is high, so that the potential 
along the electrode during the anodic polarization should vary more slowly than 
along a metal with a lower eae aed [20]. It is therefore postulated that when 
the length of the titanium cathode Io) max 18 high enough, the potential at its free end 
EO will not reach EO), i.e., condition (10.4) will be satisfied. 

On the other hand, with a cathodic current, there is usually a small interval between 
the potential of cathodic reduction of the solution components on the cathode and the 
potential of initiation of the anode destruction (usually lying within the boundaries of 
1-1.5V). It may therefore be expected that the necessary shift of the potential to the 
positive along the electrode from its free end to a point safe for the anode, may be 
achieved with a short cathode. Hence, Ii), < [{€),,. is a and there should be a 


range of I) < iS imin Where the required calhode lene I) can be found. 
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Piping used in electrochemical plants can be protected by using tube-shaped 
electrodes of the same diameter as the pipes to be protected. The expressions 
considered above may be used to determine the permissible range of lengths of 
cathode and anode placed along the field of the external current. 

Example. The possibility was assessed using a composite electrode to protect a 
titanium overflow device for withdrawing caustic liquor from a diaphragm electro- 
lyzers into a header. The maximum measured leakage current from the marginal 
cells of a series reached 2 A without any change of direction. A change was possible 
only near the zero point of the set where the current was much lower. Assuming 
that the current can change direction in the middle section between the last cell and 
the zero point, we can estimate conservatively that the maximum possible anodic 
current in this section would be 1.3 A, with a cathodic component of 0.25 A. The 
tube diameter was 50 mm and the solution resistance 1.1 Q cm. The anodic and 
cathodic polarization curves used for the computation are shown in Figure 10.10. 

Titanium, anodically oxidized in a solution of 200 g/l Na2SO4 + 100 g/l NaOH 
at a temperature of 90°C and a current density of 5 mA/cm” for 1h, was used as the 
cathode. The oxidation was carried out to prevent titanium hydrogenation during 
the cathodic polarization. According to previous data, anodic activation of titanium 
in caustic liquor occurs at a potential of 6.5. V. We assumed EO = 6V, which is 
somewhat lower than the activation potential. 

The anode was also made on titanium base and had a Ni/Ti coating produced in 
an electric spark. This type of electrochemically active coating will be considered 
further. It was found that at potentials up to —0.8V, the anode remained stable 
during the cathodic polarization, but at more negative potentials it was destroyed as 
a result of spalling of particles of the coat from its surface. 

The maximum negative potential value at the free cathode end, at an external 
cathodic current of 0.25 A, was —1.3 V. Calculations have shown that the potential 
drops along the cathode towards the anode, from —1.3 to —0.8V, when the 
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Figure 10.10 Potentiostatic polarization plots on titanium (1 and 2) and on Ni/Ti coating 
(3 and 4) in a solution of 120 g/1 NaOH + 200 g/1 NaCl. Temperature, 90° C. 1 and 3 — anodic 
plots; 2 and 4— cathodic plots. 
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cathode length {9 =55cm. The maximum permissible cathode length under 
anodic polarization Ike) = 100 cm. Thus, the permissible cathode length should be 
within the range 55cm < 1) <100cm. If we take I = 80 cm, the required mini- 
mum calculated anode length would be 3.5cm. These anode and cathode lengths 
in the composite electrode should provide long and reliable protection of the 
caustic liquor overflow device when subjected to action by currents with changing 
directions. 

Thus, the composite electrode includes an anode and a cathode, which protect 
one another, and together they provide protection of metallic structures from 
electrocorrosion. 


10.5. PROTECTION OF METALS AGAINST CORROSION ATTACK 
BY EXTERNAL CURRENTS AT THE DESIGN STAGE 


Methods and means of metal protection from corrosion considered at the 
design stage of a project are discussed in many monographs and textbooks on 
metal corrosion [37, 38]. There are also monographs which are completely 
dedicated to this task [39, 40]. Most of these means are designed to prevent 
the development of local corrosion processes. Differential aeration and con- 
centrations (stagnant zones, crevice effects) and galvanic couples (contact of 
different metals, preferential corrosion of welding seams) constitute the major 
part of these processes. 

Corrosion by stray currents is regarded as the kind of corrosion that cannot be 
foreseen during the design. Consequently, the means for its prevention must have a 
universal character, which does not take into account direction, size and other 
characteristics of stray currents, since these data are not known. Isolation of the 
metallic structures by polymer coatings, electrical insulation of the stray-current 
sources from the ground, electrodrainage, cathodic protection, etc., which belong 
to these means, were discussed in Chapter 2. 

The majority of the data used at the design stage for protection from corrosion 
by stray currents consists of the geometric parameters of the metallic structures to be 
protected and the electric resistance of the ground. Data on the latter parameter 
which are particularly necessary for the design of cathodic protection, are not 
usually exact owing to variations in the conductivity along the structure and at 
different seasons. The initial state of the metal (active or passive), its polarization, 
and other electrochemical characteristics, usually do not belong to the determining 
factors which should be taken into account when the protection from corrosion by 
stray currents is designed. 

When the protection against electrocorrosion of metallic structures operating in 
aggressive environments of electrochemical plants is designed, external currents 
must be considered as a major factor of the environmental aggressiveness in the 
zones of their unavoidable action. In most cases, contrary to the situation with stray 
currents, the direction, order of magnitude and distribution character of leakage 
currents in electrochemical plants can be determined at the design stage. 


184 Electrocorrosion and Protection of Metals 


The quantitative characteristics of the aggressive media, such as concentrations, 
temperatures, flow rates and conductivities, are strictly designated by the technol- 
ogy conditions and can also be used as parameters for the necessary calculations at 
the design stage. 

Of course, the general means of protection, such as reducing current leakages 
from the electrolyzers and insulation of piping, which were considered in Chapters 
2 and 9, must be applied in electrochemical plants, whenever possible. It was also 
noted in Chapter 9 that when electrodrainage does not lead to significant current 
losses, owing to metal hydrogenation by a cathodic current and to corrosion 
damage of the metallic equipment located outside the zones of the leakage current 
action, this method of protection from electrocorrosion can be successfully used. 
Consequently, it can be included in the project at the design stage. 

All the considered results show that the structural metals used in the electro- 
chemical plants are in a passive state, in the absence of external currents. Metal 
destruction under the action of external currents occurs as a result of a shift in the 
potential of the metal out of the boundaries of its passive field. 

Protection of metals from electrocorrosion in electrochemical plants is mainly 
aimed at retaining the potential of the metal inside the passive field under the action 
of external currents. Such a restriction of the problem enabled the development of 
special electrochemical methods of protection of the passive metals in the field of 
external currents by using either dissolving or stable anodes and stable cathodes. The 
relationship between the metal activation potential E, and the solution oxidation 
potential E,. are taken into account with this type of protection. Using electrodes 
oriented along the field of the external current and electrodes remotely placed along 
this field, enlarged the possibilities of the corrosion protection. All the indicated 
methods and means of protection can be applied at the design stage, and all the necessary 
protection criteria can be calculated with the help of the equations given in Chapter 8. 

It is worthwhile remembering that when the corrosion stability of metallic 
structures is estimated in the field of an external current, the electrochemical 
characteristics (including polarization curves) of the metal, as well as the character- 
istics of the aggressive environment, must be taken into account, along with the 
data on the geometric parameters of the metallic structure to be protected and on 
the direction and magnitude of the external current. 

The selection of a metal as a material of construction for structures operating in 
the field of an external current can be done, in some cases, on the basis of its 
electrochemical characteristics in a given aggressive environment. When no barrier 
layer is formed on the metal surface and the metal has a fairly high electrochemical 
activity, it may be able to retain its corrosion resistance under the action of external 
currents without any additional means of protection. Such data were given in 
Chapter 8, in examples on the corrosion stability of a Ti-2% Ni alloy in a chlor- 
alkali solution and of steel 18-10 in a perborate solution. The estimation of the 
corrosion stability of the structures made of these metals at the design stage can be 
carried out with the help of the equations given in Chapter 8. 

In addition, the equations given in Chapter 8 make it possible to determine the 
safe dimensions of the structural elements in the form of pipes, which can also be 
considered as a means of electrocorrosion protection at the design stage. 
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In some cases, for high values of the activation potential E, (in the order of tens of 
volts and more), shifting to the E, value can be prevented by sectionalization of the 
piping. The length ofa pipe section is calculated at the design stage on the basis of the 
condition E,,a. < E,. As a result of this sectionalization, the piping 1s able to maintain 
its stability in the field of an external current without using any additional means of 
protection from electrocorrosion. Insulation ofa pipe from an external current source, 
1e., transforming a monopolar tube into a bipolar tube (like insulation of the pipe 
sections in the case of sectionalization) also makes it possible, in some cases, to prevent 
a shift in the potential of the metal to the E, value at the pipe end. 

Along with the selection of metals with high E, values, means must be provided 
for the prevention of a reduction of the E, in the action zones of the external 
current. As shown in Chapter 6, a sharp drop of the E, value of titanium can occur 
in crevices and on welding seams. One of the constructive solutions to exclude the 
welding seam from the action zone of the external current is to weld the flanges to 
the external tube surface. Such a solution was successful when a steel 18-10 pipe was 
used in the acid—sulfate copper electrorefining solution. It will be shown further that 
in the same environment, corrosion resistance of titanium degassing tanks was 
reached. The tanks were damaged at the welding zones on the bottom, which 
coincided with the action zones of an external anodic current. Welding titanium 
legs to the bottoms removed the bottoms from the action of the external currents. 

Thus, the protection from electrocorrosion of metallic structures in the aggres- 
sive environments of electrochemical plants must be based on the knowledge, not 
only of the geometric parameters of the structure to be protected, but also of the 
direction and magnitude of the external currents and of the corrosion and electro- 
chemical parameters of the structural metal and of the aggressive media. In contrast 
to the situation of protection from corrosion under attack by stray currents, all these 
data can be obtained and used in the design stage. 
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The principles that were considered in the previous chapter enable electrochemical 
protection against attack by external currents with the help of stable anodes and 
cathodes, without using sources of currents and of dissolving electrodes. In the 
process of implementation of these principles in practice, the problems related to 
the selection and development of materials and to the design of stable anodes and 
cathodes are put in the forefront. 


REQUIREMENTS UPON MATERIALS OF ELECTRODES THAT 


The requirements demanded of the materials of the electrodes (anodes and 


cathodes) for commercial electrolysis and for protection against corrosion by external 
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currents are similar in many respects [1]. The main ones are the following: high 
stability at a maximal current density, high electrochemical activity, sufficiently high 
mechanical strength, availability, low cost, adaptability and ease of manufacture. 

At the same time, the different applications and operating features of the 
electrodes for protection against electrocorrosion leads to some significant differ- 
ences in the requirements that are placed upon them. First of all, it is not necessary 
to limit the selection of materials for the electrodes by the requirement of low 
overvoltage of evolution of some of the solution components as is done in the case 
of commercial electrolysis. For example, anodes for the electrolysis of sodium 
chloride must have as low an overvoltage of chlorine evolution as possible and 
the highest possible overvoltage of the evolution of oxygen which contaminates 
the final product (chlorine). The sizes of the leakage currents are several orders of 
magnitude lower than the sizes of the commercial electrolysis currents. Therefore, 
the relationship between the quantities of the evolved chlorine and oxygen on the 
anode, which is used in the same plant for corrosion protection, are not important, 
since it does not noticeably influence the composition of the final product. Vice 
versa, it is preferable to use stable anodes that possess a low overvoltage of oxygen 
evolution, because such anodes are the most universal for the aqueous solutions. 
Their ability to provide corrosion protection does not depend on the composition 
of the solution, since the external current is spent for water decomposition. In this 
case, the requirements placed upon the anodes for protection against electrocorro- 
sion are similar to the ones that are placed upon the anodes for cathodic protection 
by an impressed current. At the same time, for energy saving in both commercial 
electrolysis and cathodic protection, the anodes must have a minimal overvoltage. It 
is desirable to reduce the overvoltage in the systems of protection against corrosion 
by external currents since this increases the efficiency of this kind of protection. 

As the leakage currents are much lower than the currents of the commercial 
electrolysis, the working conditions of the electrodes for protection against corro- 
sion by leakage currents may be less severe than the working conditions of the 
electrodes for the commercial electrolysis. However, the irregularity of the current 
and potential distribution over the surface of the electrodes for corrosion protection 
must be taken into account. This irregularity is an integral part of the work 
principle for the electrodes oriented along the field of the external current. The 
maximal current density, which can be concentrated at the end part of these 
electrodes, may be much higher than the average current density. Moreover, as 
noted in the previous chapter, the current may change in magnitude, and sometimes 
in its direction, which may lead to accelerated wear of the electrodes. Therefore, the 
final conclusions on the stability of a given electrode can be made only after its long 
time testing in real industrial conditions. 

The problem of the selection of materials for stable cathodes is usually simpler than 
the selection of materials for the anodes of electrolyzers because the cathodic current in 
most cases provides protection to, and not destruction of, the metals. Nevertheless, 
such a problem exists. In particular, cathodes which are used in the processes of 
commercial electrolysis may undergo destruction during outage periods, when they 
are in contact with the aggressive environment, in the absence of protection by the 
cathodic current. Therefore, the material of the cathodes must be corrosion resistant in 
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the aggressive environment where it is designed to work in the absence of the cathodic 
current. This is the current requirement for the cathodes designed for the protection of 
metals against attack by external cathodic currents. 

As mentioned earlier, ceramic electrodes possess a high stability in many 
aggressive media under the action of both anodic and cathodic currents. However, 
their application as cathodes is limited due to their high cost. Researches for more 
available materials for stable cathodes are still in progress. For example, a nickel- 
molybdenum coating obtained by the thermal decomposition of alcoholic solutions 
of the chlorides and nitrates of these metals was proposed for cathodes of membrane 
electrolyzers of chlor-alkali plants [2]. This coating, applied on sheets of stainless 
steel, maintained its stability in 30% NaOH solution at a temperature of 178°C and 
current density of 4kA/cm* over 3000h. At a cathodic current density of 3kA/ 
cm”, the overvoltage was only 80-100 mV. It can be assumed that cathodes with a 
similar coating can be used for protection against corrosion by external cathodic 
currents in alkaline media. 

When corrosion by cathodic current occurs, it is usually significantly less intensive 
than corrosion by anodic currents. Therefore, it is expedient in some cases to select low 
cost and available materials with limited stability for manufacturing cathodes that 
protect metallic structures from corrosion. Periodical replacement of these cathodes 
may be more economical than the application of cathodes made of expensive materials. 

The shape of the electrodes designed for electrocorrosion protection depends 
on the structural features of the object to be protected. For the protection of 
internal surfaces of piping and tube-shaped structures, it is expedient to use tube- 
shaped electrodes provided with connecting flanges. When such anodes are used, 
an electrochemically active coating is applied on the internal surface of the anodes 
and on the surface of the connecting flanges contacting with the sealing gaskets. It is 
important to provide a reliable electric contact between the anode and the pro- 
tected structure and to exclude the penetration of electrolyte to this contact. 

When relatively small metallic structures are protected, the electrochemically 
active coating can be applied directly to the areas that are attacked by the external 
currents. In this case, the coated areas of the structure play the part of the electrodes 
and protect the whole structure in the field of the external current. 


11.2. APPLICATION OF ANODES OF COMMERCIAL 
ELECTROLYSIS PROCESSES FOR PROTECTION 
AGAINST ELECTROCORROSION 


The protection of the metallic equipment of technological lines against attack by 
external anodic currents with the help of anodes that are used in commercial electro- 
lysis is most available. For example, using titantum anodes with an electrochemically 
active metal-oxide coating in the brine lines of diaphragm electrolysis in chlor-alkali 
plants for this purpose is most expedient. There are detailed data on the electroche- 
mical characteristics of these materials in chloride media [1, 3-5] which can be used to 
design this protection. Nevertheless, final conclusions on the stability and efficiency of 
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these anodes must be based on the results of industrial tests in which the working 
features of the anodes, as means for corrosion protection, are taken into account. 


11.2.1. Neutral and acid chloride-containing media 


Studies were carried out to estimate the applicability of different electrochemically 
active materials and coatings for protection against electrocorrosion in different 
technological lines of chlor-alkali electrolysis plants. As the chloride concentration 
in these lines varies in a wide range, the studies were carried out in NaCl solutions 
of different concentrations. 

It was noted above, that anodes of graphite and titanium with a metal-oxide 
coating are characterized by a low overvoltage of chlorine evolution and by a high 
overvoltage of oxygen evolution. Therefore, their electrochemical activity diminishes 
when the chloride concentration is reduced. Moreover, under the conditions of 
reduced chloride concentration and elevated oxygen evolution, the corrosion stability 
of both the graphite and the metal-oxide coating decreases. However, these restric- 
tions are not considered as relevant for the application of anodes of these materials for 
protection from corrosion by leakage currents, since these currents are very small 
compared with the currents of the commercial electrolysis. 

It should be possible to use graphite anodes successfully for protection from 
electrocorrosion in both concentrated and dilute chloride solutions owing to their 
low cost and workability. However, their use is restricted due to the low strength and 
porosity of graphite. The electrolyte penetrates through the pores of tube-shaped 
graphite anodes. Thickening should make graphite more promising for use as anode 
material, since it not only reduces the porosity but also increases the strength of the 
graphite. An important advantage of graphite, as compared with the metal-oxide 
anodes, is its stability under the action of both anodic and cathodic external currents. 

In this connection, studies of modified graphite MG, thickened with pyrolytic 
carbon to reduce its porosity [6], were carried out. 

The porosity of the graphite before thickening was 25% at a statistical average 
pore radius of 4-5 microns and a specific surface area of 0.6m*/g. The degree of 
thickening by the pyrolytic carbon was 10-12%. The volume of the pores and the 
specific surface area decreased after thickening by 25-30%. 

The specimens for testing had the form of cylinders of diameter 10mm and 
length 20mm. The electrochemical investigations were carried out in 1 g/l NaCl 
solution at a temperature of 90°C, in accordance with the procedure that was used 
in the investigations of metallic specimens. 

The anodic behavior of non-thickened and thickened graphite is noticeably 
different (Figure 11.1, curves 1 and 2). The current density on the non-thickened 
graphite at potential 1.2 V is by an order of magnitude higher than on the thickened 
graphite. However, due to the lower slope on the polarization curve obtained on 
the thickened graphite (0.25 V), near potential 1.9V, the curves converge. The 
differences in the anodic behavior of these materials can be explained by 
the difference in their porosity; the influence of the porosity decreases with the 
increasing potential [7]. Another possible cause of this difference is the formation of 
a layer of pyrolytic carbon on the graphite surface during its thickening. 
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Figure 11.1 Anodic polarization plots in1 g/1 NaCl solution on graphite MG non-thickened (1) 
and thickened by pyrolytic carbon (2-5), without pretreatment (1, 2) and after pretreatment 
in 200g/INaOH solution at current density 10mA/cm? during (h): 3-1; 4-6; 5-12. 
Temperature, 90°C. 


To estimate of the surface state influence of graphite on its anodic behavior, 
pretreatment of the thickened graphite specimens was carried out by anodic 
polarization in 200 g/1 NaOH solution at room temperature at a current density 
of 10 mA/cm? for 1, 6 and 12h (curves 3-5). The rise of the anodic current after 
pretreatment over 1 and 6h is, most probably, related to the increase in the true 
surface area and the removal of the pyrolytic carbon film. Further pretreatment did 
not have an influence the anodic behavior of the graphite. 

Thus, thickening does not reduce the electrochemical activity of graphite at 
high anodic potentials, and the pretreatment leads to a further increase of its 
activity. These results encourage the consideration of thickened graphite as a 
promising material for the protection of metallic structures against corrosion by 
external currents, especially in chloride-containing aggressive media. 

Besides graphite, coatings based on the oxides of manganese and cobalt have a 
low cost and high electrochemical activity in chloride containing environments 
[1, 8, 9]. However, anodes with these coatings did not find many commercial 
applications due to a barrier film forming under the coating during anodic polariza- 
tion. According to the data [10], this effect is connected to oxygen transfer from the 
coating oxide to the surface of the titanium base. This leads to a barrier film forming 
on the titanium surface and a shift in the potential of titanium to the positive side, up 
to the value of its activation potential. 

Prevention of the barrier film formation may be achieved by forming a stabiliz- 
ing interstitial layer (underlayer) between the electrochemically active coating and 
the titanium base. Metals of the platinum group are most often used for the 
underlayer [1, 8], but their use significantly increases the cost of the anodes. 

With a view to reducing the cost of the anodes, investigations were carried out on 
the efficiency of a stabilizing underlayer containing low cost and available materials — a 
mix of molybdenum and iron oxides. The underlayer was formed by 
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thermal decomposition of a solution containing para-ammonium molybdate 
(NH)4Mo7O24:4H20, ferric chloride and hydrochloric acid in a muffle furnace at a 
temperature of 500—550°C for 20 min. The electrochemically active coating based on 
MnO, with the addition of about 5 molar % of Co304, was also formed by the 
thermal decomposition of a solution containing a mixture of manganese and cobalt 
nitrates, at temperatures of 260—280°C over 15—20 min. Procedures for preparation of 
the titanium surface before forming both the underlayer and electrochemically active 
coating, and the compositions of the solutions forming the mentioned layers are given 
in Ref. [11]. 

The studies of the anodes with the coatings of the oxides of manganese-cobalt 
(OMCA) have shown a low dependence of their electrochemical activity on the 
coating thickness. However, the life time of the coating depends on the quantity of 
the applied coating layers. The coating containing 2 underlayers and 10 layers of the 
OMCA was optimal. The optimal total thickness of such a coating was 
15 + 2.5um. The life time of the coating went down at a lower thickness. On 
the other hand, cracking and scaling of the coating was possible when thicker 
coatings were used, due to internal stresses related to the differences in the 
coefficients of linear expansion of the titanium base and the coating. 

The coating quality depends on the regime of the thermal treatment. After 
applying all the layers, the obtained anode has to be held for 30 min at a tempera- 
ture of 380°C, to obtain complete crystallization of the coating. 

It is seen from Figure 11.2 that the anodic electrochemical activity of the 
coating strongly depends on the concentration of the NaCl solutions and it 
diminishes with a decrease in this concentration. Nevertheless, in 1 g/l NaCl 
solution, this coating is still quite active and not less than graphite MG. A current 
density of 20 mA/cm? was reached in 300 g/l NaCl solution at potential 1.4 V and 
in 1 g/l NaCl solution — at potential 1.8 V. 

A 260h long test in 1 g/l NaCl solution under galvanostatic polarization by a current 
density of 20 mA/cm* has shown that no tendency to a shift in the potential to the 
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Figure 11.2. Anodic polarization plots on anode of titanium with oxide manganese-cobalt 
coating (OMCA) on underlayer of molybdenum and iron oxides in NaCl solutions at 
concentrations (g/1): 1-1; 2-10; 3-100; 4-300. Temperature, 90°C. 


Electrodes for Protection under Leakage 195 


oe 
fo) 


E (V) (vs NHE) 


a 
fo>) 


Figure 11.3 Potential chronograms of anodes of titanium with manganese-cobalt oxide 
coating (OMCA) on underlayer of molybdenum and iron oxides in 1g/1 NaCl solution at 
current density 20 mA/cm”. Temperature, 90°C. 


positive side of the specimens with the coating under consideration was observed, 
despite the preferential oxygen evolution on the surface of the tested specimens 
(Figure 11.3). In contrast, after 100 h of polarization, the top boundary of the oscillations 
in the potential shifted to the negative side, from 1.76 to 1.62 V. These results indicate 
that the underlayer prevents the formation of the barrier layer on the titanium surface. 
The majority of the weight loss of the anode took place during the first 10h of testing. 
During this time the solution acquired a slightly violet color which indicated the 
accumulation of MnO, ions. Further coloring of the solution was not observed. 

The obtained results indicate the possibility of applying OMCA anodes with a 
stabilizing underlayer for the protection of metallic structures from corrosion by 
external anodic currents in chloride containing media. 


11.2.2. Chloride-sulfate media 


In solutions containing sulfate ions alongside the chloride ions, metal-oxide anodes 
and, in particular, anodes with oxide coatings of base metals, are also used [12], 
despite their elevated wear. 

The presence of sulfate ions in such mixed solutions leads to a shift in the potential 
of anodes with a coating of the oxide of ruthenium-titanium (ORTA) to the positive 
side. Nevertheless, ORTA anodes possess a quite high stability and electrochemical 
activity in acid chloride-sulfate solutions [13]. The current efficiency of chlorine 
evolution rises when the anodic current density on these anodes increases. 

Investigations of ORTA and OMCA anodes were carried out in the nickel 
electrorefining solution. It is seen from Figure 11.4 that the electrochemical activity 
of ORTA (curve 1) in this solution is higher than that of OMCA (curve 2). The 
slope of the polarization curves in the Taffel area was equal, respectively, to 85 and 
125mV. A current density of 100mA/cm* was reached on ORTA at potential 
1.45 V, while on OMCA it was an order of magnitude lower. Nevertheless, the 
electrochemical activity of OMCA was high enough to provide corrosion protection 
to titanium, due to the high activation potential value of this metal. 

Under galvanostatic polarization by a current density of 50 mA/cm* the potential 
was stabilized on ORTA at values 1.75-1.8 V and the weight loss of the anode over 
25h was insignificant. At this current density, the same initial potential value was 
observed on OMCA, but over the first 25h the average corrosion rate was equal to 
0.9 g/m*h. Over the next 5h, the potential shifted to the values 2-2.2 V and the 


196 Electrocorrosion and Protection of Metals 


E(V) (vs NHE) 


log i (i, A/cm?) 


Figure 11.4 Anodic polarization plots on anodes coated by oxide ruthenium-titanium 
(ORTA) (1) and oxide manganese-cobalt (2) and on uncoated titanium (3) in catholyte of 
nickel electrorefining. Temperature, 85°C. 


corrosion rate attained 2—2.5 g/m7h, which indicated destruction of the anode. As 
the anodic current density was reduced to 20 mA/cm”, the potential was equal to 
1.6-1.65 V, but the corrosion rate was still rather high — 0.25-0.30 g/m* h. There- 
fore, OMCA anodes may find only a limited application, and only at low current 
densities in the considered solution, in spite of a high chloride concentration. It is 
preferable to use ORTA anodes in chloride-sulfate solutions of nickel 
electrorefining. 


11.3. ANODES FOR MEDIA CONTAINING SULFURIC ACID 


Solutions containing sulfuric acid belong to the main media in electrochemi- 
cal processes of electrorefining and electrowinning of copper, nickel, cadmium, 
zinc and other metals in hydrometallurgical works. Lead and its alloys are the most 
often applied as a material for the anodes in these processes, which have been 
studied in detail [14, 15] owing to the wide use of lead in lead-acid accumulators. It 
was found that lead dissolution and the accumulation of Pb** ions close to the 
anode surface takes place at the initial stage of anodic polarization. Therewith, an 
insoluble and non-conductive layer of lead sulfate deposits on the anode surface 
which brings about a rise in the potential and current density at the areas that are 
free of this deposit. At potential 0.8 V, transfer of Pb** ions becomes possible, with 
the formation of a salt, Pb(SO,)2. As a result of its hydrolysis, lead dioxide forms on 
the free areas of the anode: 


Pb(SOw)s + 2H,O = PbO + 2H»SO,4 
Above potential value 1.68 V, the standard potential of the reaction: 


PbO, +4H*+SO7 +2e7 = Pb(SO), +2H2O 
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Figure 11.5 Anodic polarization plots of lead (1), platinum (2) and titanium (3) inelectrolyte of 
copper electrorefining. Temperature, 60°C. 


all the surface of the anode becomes coated with a conductive layer of PbO2. This 
layer has a high electrochemical activity. Anodic processes of oxygen evolution, 
oxidation of SO,” to S2O¢” , as well as of hydrogen peroxide and ozone formation, 
pass over the surface of this layer at a high velocity. At the same time, there are data 
[15] that the dissolution rate of the lead increases noticeably in dilute sulfuric acid 
solutions. 

In this connection, electrochemical investigations were carried out on lead and, 
for comparison, of platinum in the copper electrorefining electrolyte. 

It is seen from Figure 11.5 that in the range of potentials 0.5—1.7 V the current 
density on lead does not depend on the potential (curve 1), due to its “salt 
passivity”. At more positive potentials, the electrochemical activity of lead prolif- 
erates. The Taffel dependence takes place above potential 2 V, which characterizes 
the electrochemical processes of anodic oxidation on the surface of the formed 
PbOz layer. In this area of potentials the dependences of lead and of platinum are 
close to one another. 

Upon galvanostatic polarization by a current density of 50 mA/cm”, potentials 
2.4V and 2.2-2.3V are stabilized, respectively, on platinum and on lead. The 
slightly more negative potential values of lead may be explained by the more 
developed surface of the PbO2 oxide and by its anodic dissolution, which is quite 
high in the considered conditions (Table 11.1). 


Table 11.1 Corrosion rate (g/m*h) of lead specimen at anodic polarization by current density 
50 mA/cm? 


Test conditions No. of tests 

1 2 5 4 5) 6 
Without stirring 4.9 1.2 14.5 1.4 28.4 4.8 
With stirring 4.0 10.7 5.4 - - - 
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The results of 5h long tests given in Table 11.1 were obtained on a single 
specimen. It is seen that great fluctuations in the corrosion rate are observed during 
repeated tests of the specimen. This can be explained by the scaling of the formed 
PbO, layer, which has a low mechanical strength and low adhesion to the metal. A 
part of the current is spent on the renewed surface of lead oxidation. The fluctua- 
tions of the corrosion rate under stirring conditions decrease, since in this case the 
superficial oxide layer is removed more regularly. 

In order to define the area in which the lead corrosion rate increases, the 
specimens were held at potentials 1.4, 1.7 and 2.2 V. It was found that at potential 
1.4, which relates to PbO formation [16], and at 1.7 V, which accords with the 
inflection potential of curve 1 in Figure 11.5, an even weight increase of 1—2 mg is 
observed after 5 h testing of lead oxidation. Intensive corrosion occurs at potentials 
that are more positive than the potential of PbO formation (1.8 V). The corrosion 
rate reached 3.6 g/m h after 5h of polarization at potential 2.2 V. 

The results testing compounded titanium — lead and titanium — platinum 
specimens with surface area ratios of 1:1 and 1:2 indicate the possibility of the 
corrosion protection of titanium on the action of external anodic currents under 
the considered conditions. At an anodic current density of 50 mA/cm’, relating to 
the total surface area of the Ti-Pb and Ti-Pt specimens, the potentials were 
stabilized at values, respectively, of 2.5—2.6 and 2.6 V. The Ti and Pt weight losses 
were insignificant, but on Pb, the corrosion rate reached 7.2 g/ mh. As the anodic 
current density on lead at this potential was more than three orders of magnitude 
higher than on titanium, practically all the current was concentrated on the lead 
part of the specimen, and the current density on this part was equal to 100 mA/cm’. 

Thus, while providing complete protection of the titanium from corrosion by 
an external anodic current, the lead anode, itself, undergoes quite intensive corro- 
sion. Therefore, anodes must have a considerable mass, in order to acheive the 
necessary lifetime. In addition, it is necessary to apply means for reducing the sizes 
of the external currents attacking the metallic structures protected by lead anodes. 


11.4. DIMENSIONALLY STABLE ANODES WITH A COATING 
OBTAINED ON THE BASIS OF INTERMETALLIC 
COMPOUNDS PRODUCED IN AN ELECTRIC SPARK 


11.4.1. Preconditions for the choice of materials and methods 
of producing the anodes: Test conditions 


It was already noted that for protection from corrosion by external currents, the 
most promising are anodes that have a low overvoltage of oxygen evolution and 
maintain their stability under these conditions. When the chloride concentration in 
technological solutions diminishes, the electrochemical activity and stability of the 
above considered anodes goes down, since these anodes are preferably designated 
for the electrolysis of concentrated chloride solutions, and have a high overvoltage 
of oxygen evolution. 
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Magnetite is one of the anode materials that is characterized by a relatively low 
overvoltage of oxygen evolution and a high stability under the conditions of chlorine 
evolution in chloride-containing media [17]. This is the reason that magnetite anodes 
are used for producing chlorates. However, magnetite has an elevated electrical 
resistance and fragility, which limits the possibilities of its application. 

Nickel possesses a low overvoltage and high stability in the process of oxygen 
evolution and, therefore it widely used as an anode in the processes of water 
electrolysis. However, nickel undergoes pitting corrosion in the presence of chlor- 
ides [18]. 

As noted above, the best characteristic for the anode material designated for 
protection from electrocorrosion is a combination of a low overvoltage of oxygen 
evolution and a high stability in chloride-containing solutions. 

The data of Chapter 6 on the reduction of the overvoltage of oxygen evolution 
on a titanium alloy containing 2% nickel which is connected with the presence of 
the intermetallic compound Ti.Ni in this alloy, points to the possibility of obtain- 
ing an anodic material with such characteristics. The best results were obtained with 
this alloy in alkaline media where it behaves as an effective anode. The presence of 
chloride does not cause damage to this alloy because the oxygen evolution potential 
is much more negative than its activation potential E,. Example 3 of Paragraph 8.3 
shows that the Ti-2% Ni alloy can be used as an effective anode for the protection of 
titanium structures from corrosion by an external anodic current in chlor-alkali media. 

It was assumed, based on these data, that increasing the intermetallic Ti,Ni content 
in the superficial metal layer would increase its electrochemical activity. This supposi- 
tion was supported by the information that pure intermetallic Ti.Ni can be used as an 
anode material in neutral and weakly acid chloride solutions [19-21]. 

The most common coating methods by which intermetallic compounds are 
formed on the metal surface as a result of interaction between the base and the coating 
metals are as follows: treating in an electric spark [22, 23] and plasma spraying of metals 
[24, 25]. It is known, in particular, that intermetallic compounds of different composi- 
tions are formed when titanium is treated with nickel in an electric spark [23, 26]. 

Corrosion and electrochemical studies were carried out of coatings obtained 
under the conditions of Ti treatment by Ni (Ni/Ti coatings) in an electric spark and 
by plasma spraying. The coatings were manufactured under free access of air, with 
the help of devices generating an electric spark between either vibrating or rotating 
electrodes of nickel and a treated (i.e., coated) metal (titanium). In a part of the 
experiments, coatings obtained as a result of titanium treatment by other materials 
were tested as follows: Co/Ti, Fe/Ti, C/Ti and Ni-C/Ti (the titanium surface was 
treated in succession by nickel and by carbon), W/Ti and Pb/Ti. Several experi- 
ments were done with Ni/Ti-0.2% Pd specimens, i.e., titanium alloy containing 
0.2% palladium was used as the base metal. 

Quite severe regimes, corresponding to discharge energies of 5.4 and 8J, were 
used for the coating in most of the experiments. For several tested specimens, 
milder coating regimes were used, corresponding to discharge energies 0.1, 0.24, 
0.84 and 2.7J, were used. 

Specimens with 200 micron thick Ni/Ti coatings were prepared by plasma 
spraying in a nitrogen-argon environment. 
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Spade-shaped, 1—2.5 mm thick, specimens with a working surface area ~8 cm’, 
were tested in most of the experiments. In some of the experiments, cylindrical 
specimens with a working surface areas of a same size were tested. 

Electrochemical studies were carried out at potentiodynamic (0.72—3.6 V/h), 
potentio- and galvanostatic polarization over 5—25h, with interruptions after 
each 5h overnight. 

Additional experimental conditions will be detailed during the discussion on the 
obtained results. 


11.4.2. Investigations in chloride solutions 


In the first stage of the studies, the potentials and weight losses of specimens coated 
in an electric spark after 5 h long testing in chlorine-saturated 1 g/] NaCl solution at 
a temperature of 90°C without polarization were measured (Table 11.2). 

It is seen from the table that the potentials of the specimens with coatings Pb/T1 
and W/Ti coatings did not change significantly during the corrosion test. A strong 
shift in the potential of other coated specimens to the positive side points to their 
self-passivation in the solution, which has a high redox potential. On the specimen 
with the Ni/Ti coating after 5h exposure, the potential continued to shift to the 
positive side. Weight losses of the Fe/Ti, Co/Ti and Ni/Ti specimens were 
significant after the first 5h long tests, but were close to zero after repeated 
corrosion tests. After repeated potentiodynamic polarization, the weight losses of 
these three types of specimens also dropped by more than one order of magnitude 
(Table 11.2, two last columns).The weight losses of the specimens with the Pb/T1 
and W/Ti coatings remained significant after repeated corrosion tests, which 
indicated the active dissolution of these coatings. 

Among the considered coatings, Ni/Ti possesses the highest electrochemical 
activity of oxygen evolution (Figure 11.6). The slope of the potentiodynamic 
polarization curve obtained on this coating, at a scanning rate of 0.72 V/h above 
potential 1.4 V, was equal to 170-180 mV. 

In the first potentiodynamic polarization curves obtained on Ni/Ti and Fe/T1i 
coatings, loops appeared at potentials more negative than the oxygen evolution 
potential (Figure 11.7, curves 1 and 3). Upon repeated polarization of the specimens 
in the same conditions, the loops did not form. Also, in the repeat test, the slope of the 
curve did not change. These results show that in the coatings obtained in an electric 
spark that dissolve at potentials more negative than the oxygen evolution potential 
and components which maintain their stability at the oxygen evolution potential and 
which determine the anodic electrochemical activity of the Ni/Ti coating. 

The polarization curve obtained on the W/Ti coating had a steep slope, due to 
the high ohmic resistance of the coating: even at a low polarization current, the 
output resistance of the potentiostat sharply increased. 

Proliferation of the current on the Co/Ti coating was observed at potential 1.2 V, 
which is more negative than the chlorine evolution potential and more negative than 
the potential of current proliferation on the Ni/Ti coating. This may be related to a 
lower overvoltage of oxygen evolution on Co/Ti. However, with the increasing 
potential the polarizability of the Co/Ti coating increased and its electrochemical 
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Table 11.2 Electrode potentials and weight losses of specimens coated by an electric spark in 
chlorine saturated NaCl solution. Temperature, 90°C 


No. Coating Electrode Weight losses (mg) 
potential 
Initial Final After After polarization 
corrosion 
tests First Repeated 
test test 
1 Pb/Ti —0.24 —0.22 9.1 19.9 - 
2 W/Ti —0.50 —0.42 9 0.5 0.6 
3 Fe/Ti —0.30 0.15 1.2 10.9 0.4 
4 Co/Ti —0.10 1.04 2:2 10.9 0.2 
5 Ni/Ti —0.10 0.65 10.2 19.2 0.3 
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Figure 11.6 Anodic polarization plots in chlorine-saturated 1g/l1 NaCl solution on 
titanium with coatings: 1 — Ni/Ti; 2 — Co/Ti; 3 — Fe/Ti; 4 — W/Ti; 5 — uncoated Ti. 


Temperature, 90°C. 
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Figure 11.7. Anodic polarization plots on titanium with electric spark Ni/Ti coating in 
chlorine-saturated NaCl solutions with NaCl concentrations, g/l: 1-1 (repeated polarization); 


2-300 (first polarization). Temperature, 90°C. 


activity became lower than on Ni/Ti. On the Ni/Ti coating, no growth in the 
polarizability was observed up to potential 2 V. Most probably, sumultaneous evolu- 
tion of oxygen and chlorine took place on this coating, with a preferential oxygen 
evolution. This assumption was proved, as the polarization curves obtained in 
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E(V) (vs NHE) 


Figure 11.8 Chronograms of potential at polarization in 1 g/1 NaCl solution of titanium with 
coatings: 1— Ni/Ti; 2— Co/Ti;3 — Pb/Ti; 4-— W/Ti;5 — uncoated titanium. Temperature, 90°C. 


solutions 1 and 300 g/1 are compared (Figure 11.7). At the fairly similar slopes of both 
of these polarization curves in the Taffel area, the curve obtained in the 300 ¢/1 
solution is disposed at potentials that are 50-60 mV more positive. 

Galvanostatic tests in 1 g/] NaCl solution at a temperature of 90°C proved that 
the Ni/Ti coating was the most stable. At a current density of 20mA/cm” the 
potential of a specimen with this coating was equal to 1.76 V and remained stable 
over 25h (Figure 11.8, curve 1). The weight losses of the specimen (previously 
pretreated by potentiodynamic polarization) after this 25h long test were quite 
small — only 0.35 mg. 

After 5h long polarization of specimens with a Co/Ti coating (curve 2), the 
potential reached a value of 3V and had a tendency to further shifting to the 
positive side. 

On the specimens with Pb/Ti and W/Ti coatings, the potential reached 
values of, respectively, 4.8 and 5.7V (curves 3 and 4) and the coating was 
destroyed. 

The data obtained on the high anodic electrochemical activity and stability of 
the Ni/Ti electric spark coating promoted more detailed investigations of the 
composition and structure of this coating. X-ray analysis of the coating was carried 
out before and after 10h long anodic galvanostatic polarization at a current density 
of 20mA/cm* in a 1g/1 NaCl solution, at a temperature of 90°C. 

The following components were found in the coating before the polarization 
(Figure 11.9a): Ti, Ni, traces of the oxides TiO and NiO, TiN, and the inter- 
metallic compounds Ti,Ni, TiNi and TiNis. As seen from Figure 11.9a, all the 
components are identified by several peaks. 

Identifying TiN and TiNi was hampered, because the two clearest peaks 
relating to the interplanar spacing 1.505 and 2.12 (respectively, angles 20 equal to 
61.4° and 42.6°) coincide for these components, and peak 2.44 (angle 20 = 36.8°) 
which relates only to the TiN is low. Data on the formation of this compound were 
communicated in work [27]. The TiN formation was confirmed by X-ray analysis 
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Figure 11.9 Roentgenogram of Ni/Ti coating (a) — before polarization; (b) — after 
polarization: A— TiN, @- Ti, ¢— Ti,Ni, z — TiO, O — Ni, J — TiNi, v — NiO, + — TiNis. 


of the superficial layer obtained by treatment of the titanium surface in an electric spark 
by a titanium electrode, similarly to the treatment that was described in Ref. [28]. 

A sharp decrease of peak 2.12, related to TiNi and TiN, was noted after 
polarization (Figure 11.9b). The fact that peak 2.44, which relates to TiN, 
remained after the polarization, indicates that just this compound is stable under 
anodic polarization. This was proved by the results of testing 0.1mm thick speci- 
mens which were cut from a TiNi foil. These specimens were completely 
destroyed in similar 5 h long tests. 

The results given in Figure 11.9 show that Ni, NiO and intermetallic TiNis also 
dissolve in the process of anodic polarization. It is most probable that the weight 
losses and appearance of a loop on the anodic potentiodynamic polarization curve 
during the first polarization, are explained by the active dissolution of all of these 
components. Some of them, in particular TiNi and Ni, intensively dissolve in 
chlorine-saturated solution, even without polarization, and this explains the weight 
losses which took place in the first corrosion tests of specimens with Ni/Ti coating, 
carried out in this solution. 

The height of the peaks related to intermetallic Ti,Ni did not diminish after the 
polarization. This proves that the intermetallic Ti.Ni is stable under anodic polar- 
ization in chloride-containing solutions, under the conditions of preferential oxy- 
gen evolution. Retention of the electrochemical activity by the coating and a sharp 
decrease in the weight losses on repeated polarization, confirm that the electro- 
chemical activity is determined by the presence of Ti,Ni. The results of tests on a 
pure intermetallic TiyNi [20, 21], which proved its high stability and electroche- 
mical activity, are in line with this conclusion. 
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Figure 11.10 Anodic polarization plots in 1 g/1 NaCl solution at temperature 90°C: 1-3 — on 
Ni/Ti coating, obtained in an electric spark; 4, 5 — on intermetallic Ti,Ni. 2, 3, 5 — after 8h of 
outdoor oxidation at temperatures, respectively, 500, 900 and 800°C. 


Oxidation of the superficial coating layers is possible in the process of outdoor 
coating by an electric spark. There are data [29] that intermetallic Ti,Ni actively 
absorbs oxygen and can form a stable phase Ti,Ni,O which has lattice parameters 
close to the lattice parameters of TiyNi. The proximity of these parameters makes it 
impossible by X-ray analysis to determine whether the intermetallic TioNi of the 
coating is oxidized. In order to estimate the influence of the oxidation, the coated 
specimens were oxidized outdoors at temperatures of 500 and 900°C for 8h. 

The potentiodynamic (3.6 V/h) polarization curves obtained on the specimens 
with the Ni/Ti coating (Figure 11.10, curves 1-3), before and after oxidation, 
practically coincide. This result suggests that the intermetallic Ti,Ni in the coating 
already has an oxidized form and additional oxidation does not noticeably change 
the surface state. In order to determine whether the oxidation of the intermetallic 
TiNi influences its electrochemical activity, potentiodynamic polarization plots 
were obtained on specimens of pure intermetallic Ti,Ni, non-oxidized, and oxi- 
dized in the air at 800°C (curves 4 and 5). It is seen that the current density increases 
on the oxidized surface of the intermetallic Ti,Ni increases and approximates the 
current density obtained on the Ni/Ti coating. These results prove that the 
obtained coating has an oxidized form and oxidation increases the electrochemical 
activity of the intermetallic Ti,Ni. 

The considered results on the high electrochemical activity and stability of the 
Ni/Ti coating obtained in an electric spark and on determining the role of the 
oxidized intermetallic Ti,Ni in these properties, corroborate the data given in 
Refs. [30, 31]. 

Alongside, the composition analysis, the depth-wise distribution of the compo- 
nents in the Ni/Ti coating and some specific properties of the coating were studied. 

The composition of the coating through its thickness was determined by layer- 
by-layer etching in 40% sulfuric acid solution at a temperature of 90°C, followed by 
colorimetric analysis of the etching solution for the titanium and nickel ion content. 
It was established (Figure 11.11) that the outer 0.05 um thick coating layer was 
enriched with nickel. In the next 15—25 um thick layer, its content was 12—20 wt.% 
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Figure 11.11 Nickel content (wt.%) through the coating thickness. 


(atomic ratio Ti:Ni=8.9:4.7)". Further down, the nickel content rapidly 
decreased. The total coating thickness enriched with nickel reached 30-50 Um. 
The atomic ratio of Ti:Ni > 2 (i.e., higher than in the intermetallic Ti.Ni) in the 
layer with the stable composition may be connected not only with the elevated 
titanium content in the coating, but also with etching of the titanium base through 
the pores of the coating. 

With anodic polarization in 1g/l NaCl solution at 90°C in galvanostatic 
(10 mA/cm”), and potentiostatic (1.9V), regimes there was also a preferential 
transfer of nickel into the solution in the initial period. Correspondingly, a rapid 
shift of the potential to the positive direction, up to the values of oxygen and 
chlorine evolution, or a decrease in the current density to a stable value of ~1 mA/ 
cm’, occurred. During the first 3-5 h, the Ti:Ni atomic ratio in the solution was 
0.15—0.5, then it increased to 2-3, and then, after 8-10 h of polarization, it reached 
6-9. In the period of preferential nickel dissolution (related, as shown above, to the 
dissolution of Ni, NiO, TiNiz; and TiNi) there was significant, up to several 
milligrams, weight loss of the specimens. 

It was revealed that cathodic polarization in the same solution at potential —1.0 V, 
leads to intense destruction of the coating. The current density was ~1 mA/cm? in 
these conditions and the weight loss in the 5h long test was more than 10 mg. The 
destroyed coating passed into the solution in the form of a sludge with a particle size 
of 0.1-0.3 mm and with Ti:Ni atomic ratio of 2.5—4. Since, after dissolution of the 
0.5m thick outer layer enriched with nickel, the coating consists mainly of 
intermetallic Ti,Ni, it is evident that the sludge particles represent an alloy of Ti,.N1 
with titanium. Nevertheless, X-ray analysis has shown that the peaks corresponding 
to Ti,Ni and Ti are very weakly defined (Figure 11.12c), which provides a basis for 


*Shown in the text is the range of values obtained within the limits of scatter for data which is apparently 
connected with a manual coating application, i.e., under conditions when it is impossible to strictly control the 
relative positioning of the electrodes, the rate and movement path for the electrode-tool, the pressure of the 
anode (Ni) to the cathode (Ti) surface, etc. Given in Figure 11.11 are the lower and upper boundaries within 
whose limits data were obtained for the coating composition. 
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Figure 11.12 X-ray pictures of Ni/Ti coating (a) and of accumulated sludge (b, c) after 
cathodic polarization of coated specimen at a potential —1V. b — sludge after annealing in 
helium 1h at 1000°C; c — non-annealed sludge. 


suggesting that the particles have an amorphous or fine-crystalline (quasi-amorphous) 
structure. In order to verify this suggestion, a recrystallization annealing of sludge 
particles in a helium atmosphere was carried out at 1000°C for 1h. Under such 
annealing, the amorphous metal returns to a crystalline structure [32, 33]. In fact, after 
annealing, the TiyNi peak increased strongly and the Ti peak increased slightly 
(Figure 11.12b).This may be explained by crystallization of the amorphous phase 
(if there is one) during heading of the specimen or by an increase in the size of the 
quasi-amorphous crystalline particles to those values which give this result in X-ray 
structural analysis. 

For the coatings obtained under a mild regime of electric discharge (0.24J), a 
low Tij.Ni peak intensity and a high background level were most typical (Figure 
11.13a). After annealing the specimens with this coating in air for 2h at a 
temperature of 800°C, the intensity of the peaks sharply increased (Figure 
11.13b). This indicates the presence of amorphous or quasi-amorphous structures 
in the coating. 
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Figure 11.13 Fragment of X-ray pictures of coating obtained in a mild electric spark 
discharge: a — before annealing; b — after annealing in air 2 h at temperature 800°C. 


The formation of an amorphous or quasi-amorphous phase may be connected 
with the fact that at the point of spark discharge a rapid cooling takes place, 
resulting in an intense outflow of heat from this point into the mass of the metal. 
The phase that transfers into solution in the form of a sludge evidently exhibits a 
higher stability than the crystalline phase which surrounds it and undergoes 
destruction under these conditions. It can be suggested that just the etching along 
the crystalline boundaries of the more stable phase leads to its detachment from the 
coating and conversion into a sludge. The presence of the crystalline phase in the 
coating is proved by the X-ray picture (Figure 11.12a): the crystalline phase was 
detected in the coating after cathodic polarization. 

As, in accordance with the previous assumption, the intermetallic Ti.Ni in the 
coating has an oxidized form Ti,Ni.O, it was assumed that destruction of the 
coating under cathodic polarization may be connected with the reduction of this 
oxide. However, the pure non-oxidized intermetallic compound Ti,Ni also under- 
goes destruction, with the transfer of sludge particles into solution, probably also as 
a result of etching out of these particles along the crystalline boundaries. It is 
possible that the latter effect is connected with the hydrogenation of Ti,Ni under 
cathodic polarization. It is well known [34] that intermetallic compounds of 
titanium with nickel exhibit a high capacity to absorb hydrogen. 

A comparison of X-ray pictures obtained under mild (0.24J) and severe (8J) 
coating regimes shows that both the content of the intermetallic Ti.Ni and the 
share of the crystalline phase rise when the discharge energy increases. This may 
be related to the elevated temperature of the metal during severe regimes, 
which leads to crystallization or to a crystal growth in the coating. The more 
severe the coating regime, the higher is the content of Ti.Ni in the coating and 
the coating rate. The duration of metal surface treatment at the discharge 
energy 8J, must be no more than 15s/ cm>. As the treatment time is longer, 
the content of Ti,Ni in the coating decreases and the shares of TiNi and (to a lesser 
extent) of TiNi, rises. Hence, it is expedient to increase the rate of coating under 
severe regimes of electric discharge, which extends the possibilities of manufacturing 
anodes by coating in an electric spark using high productivity installations. 
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The obtained data indicate the high sensitivity of some structural intermetallic 
components to the action of a cathodic current. Therefore, the revealed difference 
in the stability of such different phases as amorphous and crystalline structures is so 
pronounced. 

The amorphisation of phases formed in an electric spark may be used as one of 
ways for regulating the properties of the anodes with a Ni/Ti coating. Extraction of 
the phases with an amorphous structure by cathodic polarization enables the study 
of these phases in the process of improving coatings. 


11.4.3. Investigations in chloride-alkali solutions 


Potentiodynamic (0.72 V/h) anodic polarization curves obtained in a solution of 
120 g/l NaOH + 200 g/l NaCl on Ni/Ti, C/Ti, C-Ni/Ti and Co/Ti coatings are 
rather close to one another (Figure 11.14). The peak of the current on the C/T1 
coating at potential 0.2 V is probably related to the change in the coating ability to 
passivation. On all these coatings, proliferation of the current takes place at poten- 
tials above 0.4 V, which is connected to oxygen evolution. Above potential 0.6 V, 
the dependences have a Taffel’s character of a low slope: for C/Ti and Ni-C/T1 it is 
equal to 70 mV, for Ni/Ti and Co/T1i it is equal, respectively, to 70-80 and 80- 
90 mV. 

The potential of chlorine evolution was not reached on any of these coatings 
due to their high electrochemical activity at the potential of oxygen evolution. 

After a first anodic polarization of all of these specimens, weight losses of 
0.1-0.15 mg/cm” took place. As in the experiments done in neutral solutions, after 
a repeat polarization of the same specimens, the weight losses sharply decreased. 

The potentiodynamic polarization curve on Ni/Ti in pure 120 g/l NaOH practi- 
cally coincides with curve 3 (Figure 11.14) obtained in a chloride-alkali solution with 
the same concentration of alkali. When the alkali concentration was reduced to 4 ¢/, 
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Figure 11.144 Anodic polarization plots in solution 120g/1NaOH+200g/l1 NaCl at 
temperature 90°C on titanium with coatings obtained in an electric spark: 1 — C/Ti; 2— Ni-C/ 
Ti;3 — Ni/Ti; 4—-— Co/Ti. 
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Table 11.3 Potentials (V) established on the coated specimens at galvanostatic polarization 
in solution 120 g/l NaOH + 200 g/l NaCl at temperature 90°C 


Current Coating 
density 
(mA/cm’) Ni/Ti C/Ti Ni-C/Ti Co/Ti Ni/(Ti- Ni/Ti, 
0.2% Pd) plasma 
spraying 
20 0.70-0.78 — 0.80-0.90 — 0.73-0.77 —_-0.78-0.80 —-0.76-0.81 0.62-0.66 
50 0.80-0.87  0.99-1.00 —-0.79-0.88 —_-0.79-0.80 - 0.73-0.80 
100 0.90-1.10  4.30-4.50  0.98-1.04 0.95-1.05 —-1.07-1.22 0.86—0.94 


the oxygen evolution potential shifted to 0.7 V. Hence, the anodic behavior of the 
coatings in the considered conditions is determined by the alkali concentration. 

The oxygen evolution potential was established on the specimens after several 
minutes of galvanostatic polarization (Table 11.3) and remained constant through- 
out the 5h long experiment. 

The shift in the potential of the specimen with the C/Ti coating to 4.5 V after 
5h long testing resulted in destruction of the coating at a current density of 
100 mA/cm” . The 25h long test of the Ni/Ti coating at a current density of 
20mA/cm* and 5h long tests at a stepwise current density increase from 20 to 
50 and to 100 mA/cm”, have shown that at all the mentioned current densities, the 
weight losses in the first tests were equal to 0.3-2 mg/cm* and went down to 0.01- 
0.02 mg/cm* in the repeat tests done on the same specimens. In a test of a specimen 
with a Ni/ Th coating for 10h at 200mA/cm”, after its polarization at 50 and 
100 mA/cm”, a potential of 1.1 V was established and the weight loss was equal 
to 0.1 mg/cm?. The weight loss after the second 5 h was only 0. Ol mg/cm’. 

When an alloy of Ti with the addition of 0.2% Pd was used as the base metal 
coated in an electric spark by nickel, i.e., on a coating of Ni/(Ti+ 0.2% Pd), the 
potential was slightly more positive than on Ni/Ti. At a current density of 
100 mA/cm”, its weight loss was very small, only 0.01 mg/cm* over 5h. At a 
current density of 1000 mA/cm’, the potential shifted to 1.8—2.2 V and the weight 
loss over 10h rose to 0.2mg/cm’. 

The Ni/Ti coating obtained by plasma spraying corroded under galvanostatic 
polarization at a significant rate: 0.2 and 0.7 mg/cm‘ at current densities, reqnecively, 
of 10 and 20 mA/cm‘’. It is probable that the major part of the nickel did not form an 
intermetallic compound with the titanium base, or formed unstable compounds. The 
relatively low potential values established on this coating may be explained by the 
dissolution of nickel or to unstable nickel compounds (Table 11.3). 

As seen from Figure 11.11, the content of nickel in the coating layer at a 
depth of more than 30 microns is no less than 2%. The results of the studies on 
a titanium alloy containing 2% nickel given in Section 6.2, show that 0.2% 
nickel is enough to provide a high electrochemical activity of the coating in 
chloride-alkali media. 

Thus, the results of galvanostatic studies, considered in combination with these 
data, show that anodes with a Ni/Ti coating obtained in an electric spark can 
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provide long-time effective protection of titanium against corrosion by external 
anodic currents in a chloride-alkali environment. 

Detailed information on the results of investigations of the conditions of for- 
mation, structural features, corrosion and electrochemical behavior of the coatings 
obtained in an electric spark and containing intermetallic compounds are given in 
works [31—33, 35-39]. The fact that the TizNi compound formed in the electric 
spark is the major component of the stable and electrochemically active coating, 
served as the basis for the development of a method of protection from corrosion by 
external anodic currents in chloride, chloride-alkali and alkaline media [40]. 


11.5. STABLE CATHODES 


11.5.1. Cathodes for media containing dissolved chlorine and for 
chloride media 


It was shown in Chapter 7 that the accumulation of oxygen-chlorine compounds 
(hypochlorites and chlorates) in solutions containing dissolved chlorine, hinders 
the hydrogenation and corrosion of titanium. This result was used as a precondition 
for development of stable titanium cathodes for media containing dissolved chlor- 
ine. The idea of installing such cathodes was based on the fact that in stagnant zones 
(zones having a limited exchange with the bulk of the solution), which are 
artificially produced near the surface areas of the titanium structure attacked by 
external cathodic currents, the accumulation of oxygen-chlorine compounds takes 
place. These areas play the role of stable cathodes. 

The idea was tested under laboratory conditions on a titanium specimen pre- 
radiated in a nuclear reactor. Spade-shaped specimens with a working surface area 
of 3 to 4cm”, cut from 0.15 mm thick foil, were prepared as described in Refs. [41, 
42]. The experiments were performed in flowing and stirred chlorine-saturated, 
260 g/I NaCl solution (chloranolyte) at a temperature of 90°C (the electrolysis with 
mercury cathode in chlor-alkali electrolysis plants). 

The tested specimen was enclosed in a thin, rectangular Teflon case (speci- 
men holder), as shown in Figure 11.15. The length and height of the slot inside 
the holder was in accordance with the dimensions of the specimen and its width 
was 2mm so that the gap between the specimen and the inner walls of the 
holder was about 1mm on either side of the specimen. Each of these side walls 
was perforated with 15 holes of 0.5mm diameter, to provide a slow exchange 
between the solutions inside and outside the holder. The end of a Luggin 
capillary of a reference electrode was introduced inside one of the holes and a 
glass capillary of external diameter 0.5mm, for taking samples from the slot, was 
introduced into another. 

The tests were carried out at a constant imposed potential equal to —0.4V, at 
which, according to the data of Chapter 7, the corrosion rate of titanium under the 
considered conditions is the maximal. The rates of corrosion and hydrogenation 
were measured by a radiochemical method. 
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Figure 11.15 Perforated Teflon case specimen holder (explanations are given in the text) (see 
color plate 9). 


It was found that the corrosion rate of the specimen inside the holder was low 
and did not change during the test (Figure 11.16). Hydrogenation was also low, 
only 7.3-10 * g-mol/cm*. The concentrations of hypochlorite and chlorate inside 
the slot after 1h of polarization reached, respectively, 0.31 and 0.42 ¢/1. 
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Figure 11.16 Corrosion rate vs polarization time 7. Arrow indicates the moment when the case 
was removed from the specimen. 
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On removal of the case, the corrosion rate of the titanium immediately 
increased by about 30 times, to the values of the corrosion rate in the bulk of a 
flowing and stirred solution (Figure 11.16), and the hydrogenation of the specimen 
also increased by more that one order of magnitude. 

These results unequivocally point to the possibility of implementing stable 
titanium cathodes for chlorine saturated solutions by artificially forming stagnant 
zones near the surface of the protected metal. 

As constructions in the form of tubes are mainly attacked by the external 
currents, a stable titanium cathode was developed to protect the internal surface of 
titanium piping end areas (Figure 11.17a) attacked by an external cathodic current 
[43]. 

A hollow cylindrical perforated shell, 1, made ofa corrosion-resistant insulating 
material (e.g., Teflon) is inserted inside the terminal of a titanium pipe, at the area of 
attack by an external cathodic current. An annular gap, inside of which oxygen- 
chlorine compounds accumulate, is formed between the internal surface of the pipe 
wall and the external surface of the shell. A slow solution exchange between the 
annular space and the volume inside the pipe takes place through the perforations, 
2, and through the entrance into the annular space. The terminal pipe area accepts 
the major part of the external cathodic current. Nevertheless, it maintains its 
corrosion stability under the attack of the external cathodic current I, due to the 
accumulation of oxygen-chlorine compounds inside the annular space. Thus, it 
plays the role of a stable cathode which protects the whole titanium pipe from 
corrosion. The drop in the potential from the maximal negative value (which may 
be more negative than the potential of titanium cathodic activation E,,.) at the pipe 
end, to some safe potential value, takes place along the area of the annular gap. 

For chloride-containing solutions which do not contain dissolved chlorine, a 
stable cathode with a stagnant zone was also developed (Figure 11.17b). It includes 
a hollow shell, 1, identical to the above described one. Two double-flanged sleeves, 
3 and 4, made of titanium or other conductive material which is corrosion 


Figure 11.17 Design of a stable titanium cathode with a stagnant zone for protection 
of titanium piping from corrosion by cathodic external current in media containing: (a) — 
dissolved chlorine and chlor ions; (b) — chlor ions only (explanations are given in the text) 
(see color plate 10). 
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resistant in the medium, are installed at the pipe end. An electrochemically active 
and corrosion-proof coating, 5, possessing a low overvoltage of chlorine evolution 
(e.g. platinum, platinum group metals, oxide ruthenium-titanium) are applied to 
the inner surface of sleeve 4. Sleeves 3 and 4 are electrically interconnected via 
connecting bolts but insulated from the pipe end by insulating insert 6. Instead of 
the two sleeves 3 and 4, one combined sleeve may be used. In this case a part of 
the inner surface has the above-mentioned coating. First the external cathodic 
current [, enters into sleeve 3, i.e. I, Ic,. The current passes to sleeve 4 and 
leaks off from coating 5 into the electrolyte as anodic current J,. This current 
is spent on the oxidation of chlor-ions to molecular chlorine. The cathodic current 
Ico flows from the solution of the annular gap into the terminal pipe area, 
which plays the role of a second stable cathode. Ions OH form on the areas of 
action of the cathodic currents Ic; and Ic>. These ions react with the molecular 
chlorine generated on the anodically active coating 5, and form ions of hypochlor- 
ite and chlorate, which protect sleeve 3 and the terminal pipe area. This 
protected area can be considered as a stable cathode. The potential rises along this 
terminal pipe area disposed in the annular gap. Neither hydrogenation nor corro- 
sion of titanium occurs beyond this gap, where a safe potential value of the titanium 
is attained. 


11.5.2. Titanium cathodes for other aggressive media 


The considered stable titanium cathodes are applicable for media containing dissolved 
chlorine; for chloride solutions they can be used only in a complicated form. Although 
these media are wide spread, the possibilities of the application of such complicated 
cathodes are relatively limited. Therefore, it was of interest to develop more universal 
stable titanium cathodes for different aggressive media. 

There are data that, along with oxygen-chlorine compounds, other oxidizers 
are also able to inhibit titanium hydrogenation [44]. It is shown in Ref. [45] that the 
addition of 1 g/l of potassium dichromate to a KxCO3+ KOH solution reduces 
titanium hydrogenation by about one order of magnitude. The authors explain this 
effect by the interaction of dichromate ions with adsorbed hydrogen atoms that are 
formed on the metal surface in the process of discharging hydrogen ions. This leads 
to a reduction in the flow of the hydrogen atoms into the metal. 

Oxygen-chlorine compounds, which were used in the above-mentioned pro- 
tection principle, are not introduced into the solution, but are generated by an 
external current and accumulate close to the protected areas of the metallic 
structure. The introduction of an oxidizer into the solution as a corrosion inhibitor 
[45] can find only limited application since it contaminates the solution and makes 
the protection more expensive. 

The fact that oxidizers inhibit the hydrogenation and corrosion of titanium 
under cathodic polarization can be considered as a precondition in the search for 
other ways of applying them for corrosion protection. However, first it was 
necessary to elucidate the causes and the mechanism of this effect. For this purpose, 
investigations of titanium hydrogenation were carried out in a solution of 260 g/1 
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Figure 11.18 Cathodic polarization plots on titanium in 260 g/l NaCl solution (pH 2) in the 
presence of anions—oxidizers: 1 — ClO’; 2 — ClO3; 3 —- Cr,O7; 4 — without oxidizer. 
Temperature 90°C. 


NaCl at pH 2 and a temperature of 90°C, in the presence of the oxidizers, 
sodium hypochlorite, sodium chlorate and sodium dichromate, at a concentration 
of 5-10° mol. 

The share of the current that was spent for the reduction of the oxidizers was 
assessed from cathodic polarization curves (Figure 11.18), which can be divided into 
three areas. In the potential range (0.0 to —0.75) V, the kinetic area of hydrogen ion 
reduction, the highest magnitudes of current density (as compared with the basic 
solution, represented by curve 4) take place in the presence of C1O™ ions (curve 1). In 
a solution containing ClO; ions, the current densities are lower (curve 2), but still 
remain an order of magnitude higher than in the basic solution. As to the solution 
containing Cr,O7" (curve 3), the current densities are even lower than in the basic 
solution. In the areas of the limiting diffusion current of hydrogen reduction (—0.75 to 
—1.1) V, these dependences are much less obvious. In the area of water decomposi- 
tion, all the curves practically coincide, i.e., the share of the current for hypochlorite 
and chlorate reduction is insignificant at these potentials. 

Studies at potentials —0.4, —1.0 and —1.4V, which correspond to each of the 
three mentioned areas on the cathodic polarization curves given in Figure 11.18, have 
shown that all the considered oxidizers inhibit titanium hydrogenation (Table 11.4), 
but with an increasing potential, the degree of inhibition diminishes. 


Table 11.4 Hydrogenation (g-mol/cm?) of titanium in 260 g/l NaCl at pH 2 and temperature 
90°C in the presence of oxidizers (5 x 10 ? mol) 


Potential Oxidizer 

Without oxidizer NaClO NaClO,; Na2Cr207 
—0.4 4.3x 10% 8.9 x 101° 9.1 x 101° 1.2x 10° 
—1.0 5.6107 3.7x 10° 6.4x 10% 1.9x 10% 
—1.4 3.8 x 10° 5.2« 107 2.9 x 10° 9.5 x10” 
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Two groups of titanium specimens were cathodically polarized in 260 g/1 NaCl 
solution at potential —0.4V, over 3h: with and without preliminary cathodic polar- 
ization in solutions containing 5 x 10° mol NaClO and 5 x 10° mol NaClO3. It was 
found that the hydrogenation values of both these groups of specimens were close to 
one another. This result proves that an oxide film which could hinder the hydrogena- 
tion does not form on the metal surface in the presence of hypochlorite and chlorate 
ions. The formation of such a film at more negative potentials is still less probable [46]. 
The effect of hydrogenation inhibition in the conditions under consideration may be 
explained by the oxidation of the hydrogen ions, which are becoming adsorbed on the 
metal surface, by hypochlorite and chlorate ions. It was noted in Ref. [47] that 
oxidation of hydrogen atoms decreases their flow into the metal. 

In Auger-spectrometric investigations of the surface of the titanium specimens after 
cathodic polarization in solutions containing hypochlorite and chlorate, no compounds 
containing chlorine or sodium, which should be able to inhibit the hydrogenation 
process, were found. At the same time, the Auger-spectrograms carried out after cathodic 
polarization in the presence of dichromate-ions, detected chromium on the titanium 
surface. This may indicate the formation of a chromium-containing film which could 
serve as a barrier, hindering hydrogen penetration into the metal. In order to verify this 
assumption, a study of titanium hydrogenation was carried out after cathodic polarization 
in a 260 g/1 NaCl solution at pH 2 and a temperature of 90°C, after previous cathodic 
deposition of a chromium compound on its surface. The said cathodic deposition was 
carried out at potential —1 V, in the same solution to which 5 x 10~ mol of the radio- 
active salt Nas°!Cr05 was added. The adsorption value was measured by the radio- 
active isotope ° Cr (half-life 27.8 days), based on the proportionality of the counting rate 
of the specimens (impulse/sec) to the quantity of absorbed dichromate-ions. 

It was found that the adsorption of chromium containing compounds took place in 
a wide range of potentials, and also in the absence of the external cathodic current, at 
corrosion potential E, (Figure 11.19). The maximum amount of absorption occurred at 
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Figure 11.19 Dependence of chromium adsorption (G) on potential in 260 g/l NaCl solution 
(pH 2) containing 5 x 10 mol NazCr2O7. Temperature, 90°C. 
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Figure 11.20 Dependence of hydrogenation my on amount of chromium adsorption (G) in 
260 g/1 NaCl solution (pH 2) on titanium specimen polarized at potential —1.4 V during 5h. 
Temperature 90°C. 


potential —1.0 V. The highest absorption rate at this potential was observed during the 
first 10 min of the experiment, and then it decreased and stabilized after 1.5-2h. 
A yellow deposit was formed on the metal surface after the experiment which could 
be easily removed by rubbing with filter paper. After such a rubbing, the content of 
chromium in the superficial layer was reduced by about one half. It can be assumed 
that initially the dichromate ions are reduced on the metal surface and form a 
chemisorbed film of trivalent chromium. The external, easily removable part of this 
film could be formed as a result of the physical adsorption of the dichromate ion [47]. 

As the adsorption increased to an amount of 5 x 10° g/cm”, the hydrogenation 
fell by almost two orders of magnitude (Figure 11.20), and remained constant at 
higher adsorption amounts. It is probable that the efficiency of the formed superficial 
layer, as a barrier to hydrogenation, is determined by the chemisorbed film that is 
formed in the initial period of cathodic polarization. 

The protective film, which hinders hydrogenation and, consequently, corrosion 
of titanium under cathodic polarization, is formed on its surface in a short period of 
time, about 10 min. This film provides titanium protection either in media contain- 
ing dissolved chlorine or in media of other compositions. The use of stable cathodes 
obtained by the treatment of titanium in chromate-containing solutions extends the 
possibilities of protecting titanium structures. 


11.5.3. Possibilities of increasing the stability of titanium cathode 
blanks 


Data on hydrogenation inhibition by the treatment of titanium in a dichromate- 
containing solution promoted investigations on the possibility of using this treat- 
ment for the protection of titanium cathode blanks from hydrogenation. The 
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problem of their hydrogenation in chloride-sulfate solution, under the conditions 
of nickel electrorefining, was considered in Chapter 7. The operating conditions of 
the cathode blanks are aggravated due to the fact that the protective film formed on 
the metal surface is exposed to mechanical action by the periodically stripped layer 
of nickel. 

Before the operation of nickel deposition, titanium specimens were held in a 
260 g/1 NaCl solution (pH 2) containing 5 x 10° mol Na3Cr,O7 at a temperature of 
90°C for 10-60 min without a current, or for 1-20 min under cathodic polarization 
by current densities of 0.1 or 1 mA/cm?. NaCl was added to the solution to increase 
its conductivity. Nickel was deposited at a current density of 50 mA/cm* over 3h. 

It is seen from Table 11.5, that the titanium treatment, even without a current, 
significantly reduced the titanium hydrogenation. The treatment under cathodic 
polarization reduced the hydrogenation by more than one order of magnitude. 

Cathodic polarization at a current density of 1mA/cm* over 5-10 min is the 
optimal regime of titanium pretreatment before nickel deposition. After exposure of 
the pretreated specimens, which had 4 x 10° g/cm of adsorbed chromium on their 
surface during 15-20 min without polarization, or under cathodic polarization in the 
nickel electrorefining catholyte, no presence of chromium was found in the solution, 
which confirms the stability of the deposited film. However, as seen from Figure 11.21, 
the content of chromium on the surface of the specimens diminished with an increas- 
ing number of nickel deposition-stripping cycles (curve 1), and after the sixth cycle, 
this content was no more than 10’ g/cm*. 70-80% of the chromium had passed from 
the titanium specimens to the nickel layer, and the rest was lost, probably, during the 
process of stripping off the deposited nickel layer. Hence, wear of the chromium- 
containing film takes place during the process of nickel layer stripping. An increasing in 
the titanium hydrogenation with an increasing number of “deposition — stripping” 
cycles (curve 2) indicates that this leads to a reduction in the protective properties of the 
chromate-containing film. The amounts of hydrogenation of the specimens without 
the protective film and after the fifth “deposition — stripping” cycle are close to one 
another. 


Table 11.5 Hydrogenation of titanium specimens (g-molH,/cm7) during 3h polarization at 
current density 50 mA/cm? and temperature 85°C as a function of the previous treatment 


Treatment time, min Type of treatment 
Without current At cathodic polarization 
0.1mA/cm? 1mA/cm? 
0 43x 107 4.3 x 1077 4.3.x 1077 
1 7 7 7.1x10° 
3 Z 1.3.x 107 3.6x 10% 
5 2 8.3.x 10° 1.14 10° 
10 1.2% 107 7.2 x 10% 1.0x 10% 
20 a) 4.8 x 10° - 
30 6.8 x 10° - - 
60 71x 10% 7 - 
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Figure 11.21 Dependences of: 1 chromium adsorption (G) and 2 — hydrogenation of titanium 
(my) on N° of cycle “deposition — stripping” of nickel deposit at cathodic polarization of 
titanium in catholyte of nickel electrorefining at current density 50 mA/cm*. Temperature, 85°C. 


Thus, a periodical restoration of the protective film on the titanium surface, by 
its repeated treatment in the chromate-containing solution, is necessary if this 
method of protection against hydrogenation is used. In order to diminish the 
hydrogenation by a factor of 6—7 times, the repeat treatment has to be done after 
each 2-3 cycles of “deposition — stripping” of the nickel layer. This operation can 
be included in the technological process of electrochemically refined nickel 
production. It should be noted that the treatment of titanium in a dichromate- 
containing solution does not influence the current efficiency of nickel deposition, 
which is equal to (95 + 1)%, as in the case of the deposition on titanium without 
pretreatment. At the same time, preliminary tests have shown that the introduction 
of 4x 10* mol NasCr5O; into the solution (in accordance with the method of 
hydrogenation inhibition proposed in Ref. [48]) leads to a considerable reduction 
in the current efficiency of nickel deposition. 

Thus, cathodic polarization of titanium in chromate-containing solutions sig- 
nificantly increases its resistance against hydrogenation and corrosion. 
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12.1. PROTECTION BY SACRIFICIAL ANODES 
IN ELECTROREFINING PLANTS 


12.1.1. Industrial tests 


Industrial tests of protection from electrocorrosion by dissolving anodes, which 
drain off the major part of the external anodic current attacking metallic structures, 
were carried out in a copper electrorefining plant. A corrosion protection system 
was tested for valves and piping parts made of titanium and stainless steel 18-10. 
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Anodes for the protection were made of the same copper that was undergoing 
electrorefining and had the following composition (% weight): 99 Cu; 0.65Ni; 
0.1-0.2 O.; the remainder — Se, Pb, Zn. 

In the first stage, tube-shaped anodes (length 15cm, diameter 18cm, wall 
thickness 3.5cm and weight ~20 kg) were tested. The anodes were mounted at 
the areas of steel 18-10 pipe to be protected (and in electrical contact with them), 
between the pipe and a polyethylene pipe. As a result of dissolution by the attack of 
the anodic current, the anodes were perforated during 20 days of testing. The wall 
thickness went down from the middle part of the anodes toward their ends. 

Weight losses after 20 days of testing were equal to 7.6-8kg, or, in current 
units, 13.5-14 A, which corresponded to the measured sizes of the leakage currents. 
The perforations appeared, first of all, at the ends of the anodes that were adjacent 
to the polyethylene pipes, where the currents were at a maximum. Contact 
corrosion on the opposite ends of the anodes resulted from the difference between 
the open circuit potential of stainless steel 18-10 (0.7 V) and that of copper (0.37 V) 
in the copper electrorefining electrolyte. The surface area of the steel 18-10 piping 
was greater than the surface area of the anodes by several orders of magnitude, and 
that caused quite intensive contact corrosion of the anodes. 

To make better use of the material of the dissolving anodes, the shape of the 
anodes was changed from tube-shaped to rod-shaped (Figure 12.1). At the area of 
the titanium or steel 18-10 pipe (1) to be protected, four bosses (2), regularly 
distributed over the pipe perimeter, were welded to the inner pipe surface. The 
bosses had blind screw holes into which were mounted cantilever copper rods (3) 
that were 75 cm long and weighed 3 kg. The anodes were oriented along the field 
of the external current and were located inside the polyethylene pipe (4), which 
was, as in the previous case, a continuation of the metallic pipe. The thread which 
connected the anodes with the metallic pipe, and which provided electrical contact 
between them, was sealed with gaskets (5). 

Tests lasting 85 h showed that the total weight losses of four rod-shaped anodes 
were 1—3kg, which corresponded to current sizes of 10-30 A. As a result of the 
attack by an external anodic current, the ends of the anodes were sharpened 
(Figure 12.2a). The weight losses of the anodes that were under the action of 
external cathodic currents were relatively small (Figure 12.2b). 


Figure 12.4 Mounting of rod-shaped copper anode inside a protected pipe (explanations are 
given in the text) (see color plate 11). 
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Figure 12.2 Dissolving rod-shaped copper anodes after 3.5 days of testing in technological 
piping of a copper electrorefining plant at the areas of action of current leakages: a — anodic; 


b- cathodic. 


The results of the tests indicate that the dissolution rate of the anodes is 
determined by the external anodic current. Using rod-shaped anodes mounted in 
the cantilever enables more efficient use of the anode material, which dissolves 
preferentially at the free end of the rod, where the current is at a maximum. 

However, using rod-shaped anodes in contact with the protected metal inside the 
electrolyte does not solve the problem of contact corrosion. It is seen in Figure 12.2b that 
in the areas adjacent to the screw, the rods undergo noticeable corrosion. This may lead to 
a failure of the electric contact in the screw connection. Thus, it is necessary to avoid 
locating the electric contact inside the electrolyte, which is often difficult to do. 

Moreover, the possibilities of internal surface protection of a pipe with the help 
of dissolving anodes are limited by the following factors: increase in the hydraulic 
resistance of the solution flow inside the pipe and the necessity of controlling and 
frequent replacement of the anodes. Protection by dissolving anodes is most feasible 
when it is used for objects on which the contact with the anodes can be kept out of 
the aggressive medium, as controlling and replacing the anodes can be easily carried 
out during the operation of the plant, without shutting it down. 


12.1.2. Introduction of the protection in a copper 
electrorefining plant 


Degassing tanks, which are used in copper electrorefining plants to reduce the satura- 
tion of the electrolyte with gases, can be effectively protected from electrocorrosion 
with the help of dissolving anodes [1, 2]. The protected tank 1 (Figure 12.3a) had the 
shape ofa parallelepiped, and was filled with the electrolyte to more than half its height. 
The anode 2 was hung up by ears, which were introduced into slits made in the upper 
part of the tank walls (Figure 12.3a and b), above the level of the electrolyte. The 
dimensions of the tank allowed standard 240 kg anodes to be placed inside it and 
subjected to dissolution in the electrolytic bath (with subsequent deposition of the 
refined copper on the cathode blanks). Removal of the remains of the dissolved anodes 
and installation of new anodes into the tanks was carried out during the periods of 
cleaning the baths, about once every 20 days. 
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Figure 12.3 Titanium degassing tank (1) with protection from corrosion by anodic leakage 
current with the help of a dissolving anode (2): a — design of the tank with anode inside 
(explanations are given in the text); b — photograph of the upper part of the tank with a slit in 
which an ear of the anode is introduced (see color plate 12). 


It was noted in Chapter 6 that under the attack of'a leakage current, the bottoms 
of the degassing tanks are primarily damaged in the welding seam zones, which 
coincide with the areas of leakage current attack. It was shown that welding 
drastically reduces the corrosion resistance of titanium in the copper electrorefining 
electrolyte under anodic polarization. In this connection, steps were taken to 
remove welding seams from the areas of attack by leakage currents. For this purpose 
the tanks were installed on welded 20 cm-high titanium supports (3) (Figure 12.3a) 
provided with insulators (4). No cases of corrosion damage to the tanks provided 
with this means of protection were recorded over 3 years of their operation. 


12.2. INDUSTRIAL TESTS AND THE INTRODUCTION 
OF CORROSION PROTECTION TO TITANIUM 
STRUCTURES BY CURRENT LEAK-OFF ANODES 


12.2.1. Industrial tests 


In Chapter 10 it was shown that titanium, which is characterized by the relation 
A= (Ex — E,) <0, can be protected from corrosion attack from external anodic 
currents by stable current leak-off anodes. Testing this protection principle under 
industrial conditions was carried out on titanium group headers for wet chlorine, 
and on titanium electrolyzer covers in chlor-alkali diaphragm electrolysis plants. On 
the headers, the anodes were installed on the branch tubes, at the side of the 
negative rectifier pole, and on the covers, on the nozzles at the side of the positive 
pole. The anodes were preferentially installed at the branch tubes disposed above 
the marginal electrolyzers in a set. Rubber-lined and faolite tubes for chlorine 
withdrawal (chlorine taps) connected the electrolyzers with the group headers. 
As already noted, leakage currents along these tubes are the highest, due to 
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Figure 12.4 Protection of titanium branch tubes of group headers for wet chlorine with the 
help of current leak-off anodes of graphite (explanations are given in the text) (see color plate 13). 


chlorination of the rubber and faolite. Thus, the testing conditions were very severe 
from the point of view of attack by anodic leakage currents. Anodes of graphite 
MG, non-thickened and thickened by pyrolytic carbon, and dimensionally stable 
anodes with coatings of ruthenium-titanium oxide (ORTA) and of manganese— 
cobalt oxides (OMCA) were tested. 

Tube-shaped graphite anodes (3) (Figure 12.4) were installed between the 
branch tubes (1) to be protected and the chlorine taps (2) made from insulating 
material. The anodes were 50mm long and had an internal diameter of 50mm 
(corresponding to the diameter of the branch tube) and a wall thickness of 25 mm. 
Electrical contact between the anodes (3) and the branch tubes (1) was provided 
through metallic clamps (4) placed on the anode and bolts (5) that connected the 
clamps (4) with the flanges (6) of the titanium branch tubes (1). The assemblies were 
fixed by mounting flanges (7) and tie bolts (8), and sealed by gaskets (9). 

During the first 3 months of testing, the internal surface of all three tested 
anodes of non-thickened graphite loosened to a depth of about 10mm, and 
the anodes were completely destroyed after the subsequent 5 months of operation. 
The anodes of thickened graphite corroded at their lower part (where the 
condensate accumulated) to a depth of about 10mm after 8 months of testing. 
Thus, their resistance increased; however, a perforation occurred on one of the 
tested anodes during this time. The titanium branch tubes protected by these 
anodes did not undergo corrosion damage. 

It is impossible to prevent destruction of the graphite caused by the preferential 
oxygen evolution in dilute chloride solutions under the attack of anodic leakage 
currents. Therefore, dimensionally stable anodes of titanium with metal-oxide 
coatings were tested in the next stage. The design of the tested anodes was similar 
to the design of titanium “sacrificial inserts” shown in Figure 9.8. The ORTA and 
OMCA coatings were applied to the internal surface of the anodes and to the 
surface of the flanges which were in contact with the gaskets. Due to these 
electrochemically active coatings, the inserts functioned as current leak-off anodes. 
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No damage occurred at the 10 anodes of ORTA after 8 months testing. However, 
one of these anodes was perforated after a year and a half and another anode, after 2 
years of operation. Both of them were located above the marginal electrolyzers in a 
series (where the magnitudes of the leakage currents are the highest). Damage to the 
coating and pitting of the titanium base was noted at some areas of other anodes. 

Damage to the OMCA anodes located above the marginal electrolyzers in a 
series was observed after 4-6 months of testing. 

In all the considered tests, the protected branch tubes did not undergo corrosion 
damage. 

Thus, the considered principle provides effective protection against corrosion 
by an external anodic current in the wet chlorine lines. The duration of the 
protection depends on the lifetime of the current leak-off anode. This lifetime 
can be increased by reducing the magnitudes of the leakage currents. 

On the titanium covers (1) of diaphragm electrolyzers (Figure 12.5), alongside 
the nozzles for connecting the chlorine withdrawal tubes, areas of brine input into 
the electrolyzers were damaged by anodic leakage currents. These areas include 
conic nozzles (2) with rubber plugs (3). The ends (5) of the brine hoses (4) pass 
through these plugs. These assemblies belong, in principle, to the brine lines. 
Current leakages along the brine hoses, as shown in Chapter 3, surpassed 1 A. 

The conic nozzles (2) are usually welded to the covers; however, in order to apply 
a coating on their surface, they are made to be removable. A ruthenium-titanium 
oxide coating (ORTA) which is indicated in Figure 12.5 by red lines, was applied to 
the internal surface and the flanges of the current leak-off anodes and the conic nozzles. 
Thus, the conic nozzles (2) were protected from electrocorrosion by the electroche- 
mically active coating and at the same time, played the role of current leak-off anodes 
for the adjacent areas of the titanium covers. Only ORTA coating was tested on the 
conic nozzles, because of the high values of the current densities in the brine lines. 

The tests proved that the protection of titanium covers from electrocorrosion by 
the considered current leak-off anodes was effective. Neither the nozzles nor the 
adjacent areas of the covers were damaged during 1 year of testing. 
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Figure 12.5 Protection of nozzles for connection chlorine taps to headers and for brine input 
mounted on titanium covers of diaphragm electrolyzers (explanations are given in the text) 
(see color plate 14). 
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Figure 12.6 Titanium overflow unit for caustic liquor of diaphragm electrolyzer 
provided with protection from electrocorrosion by Ni/Ti coating obtained in an electric spark 
explanations are given in the text (see color plate 15). 


The results obtained in these tests in the areas of brine input into the electrolyzers 
showed that effective protection from corrosion by anodic leakage currents in the 
brine lines of other types of titanium equipment can also be executed by ORTA 
anodes. These results were also extended to the protection of titanium equipment in 
the chloranolyte lines in mercury cathode electrolysis plants. 

Protected titanium overflow units were tested in the caustic liquor lines in 
diaphragm electrolysis. Titanium with a Ni/Ti coating obtained in an electric spark 
was used as material for the current leak-off anodes. The end areas of 50 mm diameter 
tubes were attacked in these units by anodic leakage currents (Figure 12.6). A Ni/T1 
coating was applied, with the help of a mechanized installation for coating in an 
electric spark, to the internal and external surfaces of these areas for a length of 80 mm. 
The coated areas played the role of the current leak-off anodes. Any damage to the 
protected units was not fixed over 1 year of operation. The end areas of such units 
were usually destroyed after less than halfa year in the absence of the protection means. 

It was noted in Chapter 5 that carbon steel corroded under anodic polarization 
in caustic liquor. A potential of 0.73 V was established on carbon steel at a current 
density of 20 mA/cm”, and its corrosion rate was equal to 1.6 g/m7h. During the 
polarization of a combined electrode of carbon steel and titanium with a Ni/Ti 
coating at a current density of 20mA/cm* (based on the total surface of the 
combined electrode) the corrosion rate was equal to 1.5 g¢/m7h, i.e., it practically 
did not go down. This is explained by the fact that the potential values established 
on the carbon steel and titanium with the Ni/Ti coating were close, under the 
considered conditions; therefore, a significant share of the external current was 
concentrated on the carbon steel portion of the combined specimen. 
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Apprehensions arose in this connection raised concern that the frames of the 
electrolyzers contacting with the overflow units may be damaged by anodic leakage 
currents. Therefore, a calculation was made of the potential drop along the tubes of 
the overflow unit from the end protected by the Ni/Ti coating towards the cross- 
section of its contact with the frame. The following parameters were taken into 
account in this calculation, which was done with the help of equations (8.6) and 
(8.7) for a monopolar tube: length of tube area with Ni/Ti coating — 8 cm; total 
length of titanium tubes without coating — 135 cm; radius of tubes 2.5 cm; solution 
conductivity — 1.lohmcm. The slopes of the polarization plots used in the 
calculation for the Ni/Ti coating and for the titanium were equal, respectively, 
to 0.075 and 0.4V (see Figures 6.2 and 11.14). The measured size of the leakage 
current used in the calculation was equal to 0.4 A. 

The calculation showed that in the cross-section of the contact of the overflow 
unit with the frame of the electrolyzer, the potential goes down to 0.11 V. 5h long 
potentiostatic tests did not reveal any corrosion of carbon steel specimens at this 
potential value. 

Industrial tests confirmed the results of the calculation and of the laboratory test. 
Measurements carried out during the work process have shown that in the cross- 
section of the frame contact with the overflow unit, the potential was equal to 
0.07 V, i.e., it was quite close to the calculated potential value. Tubular inserts 
10cm in length and with a radius of 2.5 cm installed between the overflow units 
and the frames of the electrolyzers did not corrode during 1 year of testing. Thus, 
corrosion of the frames was prevented due to the reduction of the potential along 
the tubes of the overflow units. The anode with the Ni/Ti coating is oriented along 
the field of the external current with respect to the frame of the electrolyzer. The 
titanium tubes of the overflow unit place this anode at a remote distance with 
respect to the frame, along the field of the leakage current. 

Destruction of the Ni/Ti coating was noted at the end areas of the overflow 
units that were installed on the side of the negative pole of the power source, where 
these areas were attacked by cathodic leakage currents. However, the units them- 
selves did not corrode. The possible causes of the destruction of the coating by 
cathodic currents were considered above. 

The data on the destruction to the Ni/Ti coating show that the parts of metallic 
structures that are protected by this coating against corrosion by external anodic 
currents in a series of electrolyzers, cannot be transferred to the zones where the 
action of a cathodic current is possible. In particular, when the protected overflow 
units are installed, they must be marked in accordance with the number of the 
particular electrolyzer. After any temporary removal, they must be returned to the 
same electrolyzers. 


12.2.2. Introduction of protection 


Protection of titanium piping and equipment from corrosion by external anodic 
leakage currents with the help of current leak-off anodes has found extensive 
application, initially, in chlor-alkali electrolysis plants [3], owing to its simple 
technical implementation and high efficiency. 
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Headers for wet chlorine in diaphragm and mercury cathode chlor-alkali 
electrolysis plants were the first targets of this method of protection. The anodes 
were installed at the areas of current interruption along the titanium group and set 
headers by inserts of insulating material, and at the branch tubes for mounting tubes 
of insulating materials that connected the titanium group headers for wet chlorine 
with the electrolyzers. 

As corrosion damage of some of the current leak-off anodes occurred in the 
industrial tests, means for reducing the magnitude of the leakage currents from the 
electrolyzers were taken, alongside the protection by current leak-off anodes. 
Chlorine taps of Teflon for connecting the electrolyzers with the wet chlorine 
headers were installed instead of chlorine taps of rubber-lined carbon steel or 
faolite. It was noted that such a substitution drastically reduced the leakage 
currents, but it may lead to a change in the leakage current direction which 
cannot be controlled. Therefore, the anodes were installed above all the electro- 
lyzers, irrespective of their position in the set of electrolyzers. Thus, they were 
installed in the branch tubes of the group headers on both sides of the zero point 
in a set of electrolyzers. Photographs of a diaphragm electrolysis plant are given in 
Figures 12.7a and b, a general view and the area of the titanium group header for 
wet chlorine with current leak-off anodes installed at the tube branches. Teflon 
chlorine taps are connected to the other side of these anodes. Both ORTA and 
OMCA anodes were applied for protection. 

More than 10 years experience in the protection from electrocorrosion of 
titanium headers for wet chlorine by current leak-off anodes, in four chlor-alkali 
electrolysis plants, has proved its efficiency. None of the protected headers has 
undergone corrosion damage. 

The titanium covers for diaphragm electrolyzers were protected at two areas of 
leakage current attack, as indicated in Figure 12.5. Protection of the titanium 
nozzles connecting the electrolyzer covers with the chlorine taps was similar to 
the protection of the branch tubes of the group headers. However, unlike the 
headers, the nozzles of the covers that are attacked by anodic leakage currents are 
disposed at the side of the positive, and not the negative, pole of the power source 
in a set of electrolyzers (see Figure 3.2). 

Using Teflon chlorine tap, provided a reduction in the current at both cross- 
sections of their connection: at the branch tubes of the titanium headers and at the 
nozzles of the titanium covers. On both of these areas identical current leak-off 
anodes were installed that had either ORTA or OMCA coatings [4]. As noted 
above, only ORTA anodes were used for coating the conic nozzles for the brine 
input into the electrolyzers. 

5-10 years long operating experience of the protection of titanium covers by the 
anodes long; this confirmed the efficiency of this type of protection. 

Owing to the rise in the cost of titanium, producers of equipment for electro- 
chemical plants have developed constructions for the covers for electrolyzers which 
allow a saving in the titanium consumption. Thus, in patent [5] molding the covers 
of polymeric materials, and lining their inner surface with a thin, in the order 
of tenths of a millimeter, layer of titanium is proposed. The lining is primarily 
formed in accordance with the shape of the polymeric part of the cover. Since the 
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Figure 12.7. a — General view of diaphragm electrolysis plant with titanium header for wet 
chlorine protected by current leak-off anodes; b — an area of the protected header. 


titanium construction practically does not corrode when it is protected by a current 
leak-off anode, in combination with a means of current reduction, the thickness of 
the lining layer does not influence its protective properties, and such covers may 
have a long lifetime. It should be noted that lining polymer piping with titanium 
protected by the considered system, should drastically reduce the titanium con- 
sumption on the wet chlorine lines. 

Corrosion of titanium shell-and-tube heat exchangers (brine heaters) by anodic 
leakage currents occurred in two diaphragm electrolysis plants (1) (Figure 12.8). 
Tubes (2) of the heat exchanger corroded at the areas of their expansion inside the 
tube plate (3). Therefore current leak-off anodes (4a) and (4b) were installed just in 
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Figure 12.8 Protection of titanium shell-and-tube heat exchangers (brine heaters) by current 
leak-off anodes (explanations are given in the text) (see color plate 16). 


these areas. They were cut from titanium sheets and had the form of semicircles 
with the same radius as the radius of the tube plate of the heat exchanger. Holes 
with a radius equal to the average radius of the tubes were made in the anodes. 
The holes were distributed in accordance with the distribution of the tubes over 
the tube plate (3) so as not to hinder the flow of the solution inside the heat 
exchanger. 

Two anodes (4a) and (4b) were mounted on a tube plate and covered almost 
the entire surface of the tube plate, as shown in Figure 12.8. On radial partitions 
(6) of the covers (5) of the heat exchanger, 1.e., also in the action zone of leakage 
currents, were mounted two additional anodes (7a) and (7b), in the form of rectan- 
gular plates, to reduce the density of the leakage currents. Each anode covered about 
80% of the partition surface. All the anodes were fixed with the aid of titanium bolts, 
which provided electrical contact of the anodes to the heat exchanger. Leakage 
currents acting on the brine heaters are usually low, because these apparatuses are 
located at a distance from the electrolyzers. Therefore, OMCA current leak-off 
anodes were used for their protection. The success of this protection was confirmed 
by 7 years operation without any signs of corrosion damage. 

The relatively small dimensions of valves and other kinds of accessories enable 
the introduction of these objects into stoves with regulated temperatures, for 
applying the electrochemically active coatings by thermal decomposition methods. 
Thus, metal-oxide coatings can be applied directly to the areas of these accessories 
that are attacked by external anodic currents. These areas of limited dimensions play 
the role of current leak-off anodes. 

Protection of 100, 150 and 200 mm diameter valves was carried out on the brine 
lines of two diaphragm electrolysis plants. As the leakage currents along these lines 
are high, more than 10 A, an ORTA coating was used for the protection. It was 
applied to the flanges, and areas adjacent to the flanges of the valves, as well as to the 
non-working surface areas of the rods (Figure 12.9). Valves with this protection 
operated without any corrosion damage for more than 7 years. 
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Figure 12.9 Titanium valve provided with protection against electrocorrosion by ORTA 
coating indicated by red lines (see color plate 17). 


Units for drainage of the current from the electrolyte to the earth must be 
installed on the electrolyte lines, particularly, on the brine lines in electrolysis plants 
[6, 7], when the piping of these lines is made of insulating material. Units of 
graphite are not suitable because of the low mechanical strength of graphite. 
An attempt to apply tube-shaped flanged bobbins of carbon steel on a brine line 
for this purpose, also failed. Bobbins which had a wall thickness of 15 mm were 
completely destroyed within 2—3 days of operation, as a result of attack by anodic 
leakage currents, which surpassed 10 A on this line. 

Units of carbon steel were substituted by units of titantum with an ORTA 
coating. They were installed at each group header, close to the set header (Figure 
12.10a). Both set and group headers for the brine were made of rubber-lined 
carbon steel. The coating was applied to the internal surface and to the flanges of 
each bobbin (Figure 12.10b). As the current density on the surface of these units 
was several orders of magnitude lower than the current density on the anode surface 
in the industrial electrolysis, only three layers of ORTA were applied to the 
titanium surfaces of the units (instead of the four layers that must be applied to 
the surface of the commercial anodes in accordance with the industrial standards). 
The units were successfully used in two diaphragm electrolysis plants. At none of 
the group headers did corrosion damage of the units occur during more than 8 years 
of their operation. 
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Figure 12.10 a — Scheme of installation of units for current drainage from brine to earth 
for group brine headers; b — unit of titanium with ORTA coating indicated by dotted lines 
(see color plate 18). 


12.3. INDUSTRIAL TESTS AND THE INTRODUCTION OF CORROSION 
PROTECTION BY ANODES ORIENTED ALONG THE FIELD OF THE 
EXTERNAL CURRENT IN ELECTROCHEMICAL PLANTS 


12.3.1. Industrial tests 


Industrial tests of protection by anodes oriented along the field of the external 
current were carried out in a copper electrorefining plant at two areas of stainless 
steel 18-10 piping of 15 cm diameter. It was shown above, that in the technological 
solution of this plant, as opposed to titanium, stainless steel 18-10 is characterized by 
the relation A= (E,,.—E,) >0 when lead anodes are used for protection against 
corrosion by anodic leakage currents. 

A tube-shaped lead anode (1) (Figure 12.11) of 150mm diameter and 600 mm 
length, was installed at the area to be protected, inside the tube (2) of insulating 
material (polyethylene) adjacent to the metallic piping (3). Remote placement 
of the anode along the direction of the external current, and contact with the 
metallic pipe, were provided by a 2m long interstitial titanium tube (4) of 
diameter 150 mm, and by a 0.5m long titanium valve (5) (used for technological 
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Figure 12.11 Scheme of protection of stainless steel 18-10 piping in technological solution of 
copper electrorefining with the help of a lead anode oriented in the field of the external 
current (explanations are given in the text) (see color plate 19). 
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Table 12.1 Potential values at the terminal areas of titanium tubes in the protection systems 
of two steel 18-10 pipes with the help of anodes oriented in the field of the external current 


No. of Average value of leakage Potentials at the cross-section 
series current (A) of titanium tube siding: 
to the to the SS 18-10 
valve piping 
1 16.7 1.00-1.05 0.70-0.75 
2 20.0 1.10-1.15 0.80-0.90 


reasons), which were installed between the metallic pipe and the anode. Thus, 
the total distance of the remote placement of the anode, including the length of 
the anode itself, was 3.1m. Nozzles (6) were made at the terminal areas of pipe 
(4) for installing Teflon capillaries (7). The capillaries were connected to 
reference electrodes through electrolytic bridges (not shown in the figure). 
Potentials were measured in these areas by a millivoltmeter of high input 
resistance. 

As can be seen from the results of the measurements given in Table 12.1, the 
potential along the titanium tubes goes down from the value of the transpassivation 
potential to the value of stable passive state. Slightly more positive potential values 
in series 2 correlate with higher magnitude leakage currents. 

After 1 year of testing, no signs of corrosion damage were revealed on either of 
these pipes, whereas under similar conditions, unprotected 18-10 stainless steel 
pipes were often perforated at the areas of leakage current attack during this period. 

Thus, corrosion tests, in combination with measurements of potentials and 
currents, confirmed the efficiency of the protection of metals that are characterized 
by the relation A > 0, with the help of stable anodes oriented and placed remotely 
along the field of the external current. 


12.3.2. Introduction of protection 


Based on the results of the considered industrial tests, protection of stainless steel 
18-10 piping against attack by external cathodic currents was introduced into the 
copper electrolysis plant. A 300 m length pipe line that consisted of 15 cm diameter 
pipes, was protected [8]. The dimensions of the lead anodes and the interstitial 
titanium tubes installed at the protected areas in the industrial tests and in the final 
introduced protection system were similar. 

Measures were taken to remove the welding seams from the zones of leakage 
current action, because stainless-steel welds are prone to intercrystalline corrosion 
in acid—sulfate solutions, even in the absence of an external current. The construc- 
tion of the flange connections excluded any contact of the welding seams with the 
electrolyte. 

The stainless steel piping provided with this protection system operated for 
5 years without any signs of corrosion. 
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12.4. INDUSTRIAL TESTS OF TITANIUM PROTECTION AGAINST 
CORROSION ATTACK BY CATHODIC LEAKAGE CURRENTS 
WITH THE HELP OF STABLE CATHODES 


Industrial tests of stable titanium cathodes were carried out in the chloranolyte 
line in a mercury cathode chlor-alkali electrolysis plant. The area of a pipe in the 
titanium header adjacent to an insulating insert served as a stable cathode. 

The accumulation of oxygen—chlorine compounds near the protected area was 
provided by installing inside the said pipe area a perforated Teflon sleeve that 
formed an annular gap — stagnant zone between the walls of the protected pipe 
and the sleeve. In the lower part of the protected pipe was installed a nozzle for 
sampling the solution from the annular gap. 

No corrosion damage on the protected pipe was revealed during 1 year of 
testing. Before the installation of the considered protection means at this area, 
which was attacked by cathodic leakage current, pipe perforation occurred during 
six months of its operation. 

Analysis of the solution samples that were taken from the annular gap showed 
that the minimum content of hypochlorite and chlorate ions in these samples 
surpassed their content in the bulk of the solution by more than one order of 
magnitude (Table 12.2). The higher chlorate concentration in the annular gap and 
in the solution bulk, as compared with hypochlorite, is explained by its higher 
stability. 

It was shown in Chapter 7 that for reducing the corrosion rate of titanium by 
more than one order of magnitude, i.e., to a non-dangerous corrosion level, it is 
enough, under the considered conditions, to attain a concentration of 0.3 g/l of 
one of the anions of the above-mentioned oxygen—chlorine compounds. As seen 
from Table 12.2, the total concentration of these anions inside the annular gap is 
much higher. 

A growth in the potential on the titanium took place along the protected pipe 
area disposed in the annular gap. The potential rose in accordance with 
the direction of the external cathodic current and, as a result of its growth to a 
non-dangerous value, outside the boundaries of the annular gap where the 
concentration of the oxygen—chlorine compounds was low, the titanium pipe as 
a whole did not corrode. Thus, in accordance with the developed concept, the pipe 
area that was disposed inside the annular gap represented a stable cathode oriented 
along the field of the external cathodic current. 


Table 12.2 Concentration (g/l) of ions ClO” and ClO,” 
inside the annular gap and in the bulk of the solution 


In annular gap In solution bulk 


ClO™ ClO3- ClO™ ClO; 
0.25—0.50 0.60—4.00 0.01-0.02 0.06—0.07 
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12.5. COMBINED PROTECTION OF METALS AGAINST 
CORROSION ATTACK BY LEAKAGE CURRENTS 


When corrosion attack by a cathodic current takes place at some areas of a 
metallic structure, attack by anodic currents is also usually unavoidable at some 
other areas of this structure. In these cases, combined protection from corrosion 
attack by external currents of both the anodic and cathodic directions must be 
provided. 

The action of currents of both anodic and cathodic directions is most typical for 
the areas of metallic piping at which insulating inserts are installed. As the piping is 
disposed in the field of the external current, on one side of the inserts the metal is 
attacked by an anodic, and on another side, by a cathodic current. 

Such a combined protection was introduced on titanium headers for the 
chloranolyte line in a mercury cathode chlor-alkali electrolysis plant. ORTA 
anodes were installed at the areas of attack by the anodic currents, and perforated 
Teflon sleeves, which formed stagnant zones, were installed at the areas of attack by 
the cathodic current (Figure 12.12). This protection was installed at the areas of 
insulating inserts and at the branch tubes for connecting the group manifolds with 
the electrolyzers. No cases of corrosion damage of the headers were noted during 
more than 5 years of operation. 

The results of the industrial tests and cumulative experience of the commercial 
application of the developed methods and means of protection from electrocorrosion 
show that in most cases these methods provide long-time corrosion stability of the 
protected piping and equipment of passive structural metals under the conditions of 
attack by external currents. However, when only electrochemical methods are 
applied, the protection is not always effective enough. A combination of the different 
methods and means is often necessary to provide reliable operation of the equipment. 
In particular, combined protection must be applied when elevated leakage currents 
destroy the current leak-offs anodes. Protection of titanium group headers for wet 
chlorine by current leak-off anodes, in combination with a means of reducing the 
leakage current (by using Teflon tubes for the withdrawal of chlorine from the 
electrolyzers) can be considered as an example of such a combined protection. 

Application of oriented lead anodes in combination with improved distribution 
rakes which increased the electrical resistance of the electrolyte in a copper 
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Figure 12.12 Combined protection of titanium chloranolyte header from corrosion by 
external currents of anodic and cathodic directions: TH — protected header; A — current leak- 


off anode with ORTA coating (indicated by dotted lines); IR — insulating inserts; S — perforated 
sleeves of Teflon. Arrows indicate the current direction (see color plate 20). 


Tests and Methods for the Protection of Metals under Leakage Currents 237 


electrorefining plant, is another example of combined protection. These rakes 
reduced the leakage currents along the technological lines by half and consequently, 
increased the lifetime of the lead anodes that protected the steel 18-10 piping and of 
the dissolving copper anodes that protected the titanium degassing tanks. Con- 
struction improvements that enable the removal of the welding seams of the flange 
connections of the piping and the degassing tanks from the attack zones of leakage 
currents can also be regarded as additional means of combined protection from 
electrocorrosion. 

Sometimes a simple means such as regular cleaning of the devices for breaking 
the jet of the alkali liquor at the output of the overflow units and increasing the 
lengths of the rubber hoses for feeding the brine to the electrolyzers significantly 
increase the lifetime of the current leak-off anodes. 

Rational equipment distribution along the series of electrolyzers, in combination 
with other necessary protection means, taking into account the electrochemical 
characteristics of the structural metal of the equipment and the direction of the 
external current, can also be considered as a combined protection system. Thus, 
distribution of the titanium and stainless steel 18-10 valves was executed in a copper 
electrorefining plant. Titanium valves protected by lead current leak-off anodes 
were installed at the areas of the action of anodic leakage currents. Valves of steel 
18-10, without any protection, were installed at the areas of cathodic current action, 
since steel 18-10 is corrosion-resistant under these conditions. None of the valves was 
corroded during 5 years of operation. In the former, random distribution of these 
valves, some of them were destroyed within several months. 

Thus, combined protection that takes into account specific features of the 
working conditions of the equipment and that applies electrochemical methods as 
a major part of the protection system enables the achievement of a complete 
solution of the problems of protection against electrocorrosion under the condi- 
tions of attack by external anodic and cathodic currents. 


12.6. EFFECTIVENESS AND POSSIBILITIES OF USING 
THE DEVELOPED METHODS OF METAL PROTECTION 
AGAINST ELECTROCORROSION 


The lifetime of the protected metallic structure, and the expenses incurred 
for controlling and replacing the protective anodes and cathodes, can be used as 
the criteria for estimating the effectiveness of the developed electrochemical 
methods of electrocorrosion protection of these structures in the field of 
external currents. The passive metal structures are the objects of the protection 
and the developed methods of protection are based on maintaining the metal in 
the field of its passive state. Therefore, the corrosion of a well protected 
structure is insignificant and the structure can remain in a state of operation 
as long as the protection is provided. Thus, in the case under consideration, the 
effectiveness of the protection is determined by the lifetime of the anodes and 
cathodes that are applied in the protection systems. 
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Anodes that are used in the regarded protection systems can be divided into 
three major groups: dissolving anodes, anodes of limited corrosion stability and 
stable anodes. With regard to cathodes, only systems with stable cathodes were 
developed for protection from corrosion attack by cathodic currents. 

The effectiveness of electrocorrosion protection with the help of dissolving 
anodes depends on the specific features of the equipment operation. Their advan- 
tage is the absence of material expenses for producing the anodes, and their 
limitation involves the necessity of constantly controlling and replacing the 
consumed anodes. The example given of protecting degassing tanks by dissolving 
anodes in copper electrorefining plants shows that, when dissolving anodes of a 
large mass are used, their replacement has to be performed relatively infrequently. 
The replacement operation can be included in the maintenance schedule and 
executed at constant intervals, which reduces the maintenance expenses. 

The application of anodes made of materials having a limited stability, such as 
lead and graphite, which are significantly corroded under the attack by anodic 
currents, may be suitable in cases where their lifetime is long enough and they can 
be easily replaced after destruction. An estimation of the expediency of their 
application can be done at the design stage. 

It is clear that the methods developed for the electrocorrosion protection of 
metals with the help of stable anodes and cathodes are the most effective. The 
advantages that determine their widespread application in the chemical and non- 
ferrous metallurgical industries are as follows: 


1. Low labor and expenditure for protection of piping and equipment, since a limited 
number of areas have to be protected. Thus, for the protection of two titanium 
headers for wet chlorine in an average diaphragm electrolysis plant consisting of 
240 electrolyzers, from 150 to 240 current leak-off anodes are necessary, each of 
which is 50-100mm long and has diameter of about 50mm. The quantity 
of ruthenium for coating these anodes is ~50g, 1.e., less than the quantity of 
ruthenium required for a set of commercial anodes used in one electrolyzer. 

2. Low maintenance expenditure. Electrochemical protection with the aid of 
stable anodes is carried out without using external power sources or sacrificial 
anodes, i.e., without means that require the expenditure of energy and labor for 
constant control and replacement of the destroyed anodes. Periodic random 
inspection of the state of the anodes and of their contact with the protected areas 
is enough to ensure their reliable operation. The same amount of maintenance is 
sufficient for stable cathodes. 


Owing to the low cost, effectiveness and simplicity of implementation of the 
developed methods of protection from electrocorrosion, and owing to the fact 
that the unprotected metallic piping and equipment, as a rule, undergo intensive 
corrosion under attack by external currents, extensive introduction of the consid- 
ered protection methods is expected in existing and newly designed plants, espe- 
cially in the chemical and metallurgical branches of industry. 

It is of interest to consider the possibilities of using the above-mentioned 
principles of electrochemical protection for underground and underwater piping 
and other structures under attack by stray currents. In particular, anodes oriented in 
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the field of an external current may broaden the possibilities of protection by 
polarized drainage. Under some conditions, electrodes that include combinations 
of stable anodes and cathodes can be used. 

It is worthwhile remembering that the developed principles are oriented to the 
protection of passive metals. Consequently, a most effective protection of alumi- 
num structures in soil and water, and of passive carbon steel, may be achieved in 
accordance with these principles. Protection of the carbon steel reinforcement, 
which under normal conditions has a passive state inside the concrete, against 
corrosion by stray currents may be of particular interest. 

Of course, expansion of the range of applications of the above-considered 
principles of metal protection from electrocorrosion requires further extensive 
and comprehensive investigation. 
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Activators: 
bromide, 81 
chlor-ion, 8, 13-15, 25, 71-72, 79, 
81-84, 89-90, 92-94, 96 
iodide, 81 
Active state of metals, 9-11, 18 
aluminum, 11-12, 18 
carbon steel, 23, 28, 33, 56-57, 143 
titanium, 80, 148 
Adsorption, 1, 215-216 
Aluminum, 8, see also Active state of metals, 
aluminum 
Amorphous structure of titanium, 205-206 
Anatase, 80, see also titanium oxides 
Anodes: 
alternatively dissolving, 159-160, see also 
Anodes, dissolving 
ceramic, 34, 60, 179, 191 
current leak off, 169, 176, 224, 236f, 
236-238 
dimensionally stable, 165-168 
dissolving, 159-160, 169, 221-223, 
223f, 238 
graphite, 147-148, 165-168, 167f 
224-225, 232, 238 
intermetallic, 97-99, see also Intermetallic 
coatings on the surface of titanium 
and Ti-0.2%Pd 
lead, 196 
magnesium, 17, see also Anodes, sacrificial 
magnetite, 199, see also Magnetite 
manganese-cobalt oxide coating, 
193-194, 194f, 195f, 224-225 
nickel, 168, 176, 178, 199, see also Nickel 
OMCA, see manganese-cobalt oxide 
coating 
oriented in the field of external currents, 
170-171, 172f, 176-178, 184 
extended, 171-172, 171f 


remotely placed, 170-174, 171f 
176-178, 184, 228, 233-234 
ORTA, see ruthenium-titanium oxide 
coating 
ruthenium-titanium oxide coating, 190, 
192-193, 195 
platinum, 164-165, 197-198, 197f 
212-213, see also Platinum 
sacrificial, 155, 157, 169, 172-173, 225, 
238, see also Anodes, dissolving 
silicon cast iron, 34 
steel scrap, 33-34 
zinc, 18, 31-32 
Anodic protection, 59, 80, 154 
Austenite, 17 
Auxiliary electrode, 10, 104, 154 


Bacteria activity, 24 

Batteries, 1, 39 

Barrier film forming, 15, 193 

Barrier film on titanium, 81-83, 97, 99, 
164, 167, 193, see also Titanium, oxides 

Bus ducts, 32 


Carbonic acid, 25, 29 
Cathode blanks, 62, 103, 116, 216, 223 
Cathodes: 
ceramic, 179, 191 (see also Anodes, 
ceramic) 
chromium containing film, 217-218 
Auger-spectrometric investigations, 
215 
nickel-molybdenum coating on stainless 
steel, 191 
oriented, 177-178 
platinized titanium, 177-178 
palladium, 178 
platinum, 178 
with stagnant zones, 210 
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Cathodic activation of metals, 17, 33, 104, 
176, 212 
Cathodic protection, 17—20, 24, 29, 31-33, 
142, 154, 169, 183, 190 
Chrome, 73-74 
Chromium containing film on titanium, 
213 
Combined electrode, 158, 169, 227 
Combined specimen, 167-169, 227, see also 
Combined electrode 
Composite electrode, 180-183, 180f, see 
also Leakage currents, changing 
direction 
Concrete, 25-26, 30 
corrosion by stray currents, 27-28, 31 
reinforcements, 25-27, 28t, 30-32, 155, 
239 
potentials of carbon steel, 27, 28t 
Condensate, 47, 146 
alkaline, 58, 145 
chlorine saturated, 49-50, 83-84, 104, 
110-111, 115, 115f 145 
Contact corrosion, 145, 222—223, see also 
Galvanic corrosion 
Copper, 9-10, 25-26, 63, 157-158, 158f, 
173, 221-223 
Correspondence criterion w, 48-49 
Corrosion by external currents, see 
electrocorrosion 
Corrosion cracking: 
carbon steel, 17 
stainless steels, 17 
titanium, 103, 112 
Colorimetric analysis, 105 
Computation of potential distribution 
along a tube-shaped structure, 127 
Coulometer, 147-148 
Coulometry, 1 
Crevice corrosion, 24, 63-65, 92—96 
titanium in different media: 
chlorinated water, see wet chlorine 
chloride, 92-96 
chloride-sulfate, 93, 95-96 
sulfate, 92-93, 96 
wet chlorine, 63-65 
titanium-0.2% palladium alloy, 66, 67f 


Criteria of metal corrosion stability, 
121-122, 128, 133 

Criterion A=E,,. — E,, 137t, 137 

Critical activator concentration, 13-14 

Critical stability potential of ORTA 
coating, 167 

Current density in passive state, 12, 
12-13, 15 

Current taps, 31-32 


Dendrites, 62-63, 118-119 
Depolarization: 
hydrogen, 6 
oxygen, 6-8, 11, 23, 56-57 
Design of electrocorrosion protection, 
183-185 
Devices generating electric spark, 199 
with vibrating electrode, 199 
with rotating electrode, 199 
Device for condensate layer interruption, 
147-149, 149f 151 
Diantipyrilmethane, 105 
Difference effect 
negative, 11-12 
positive, 11-12 
Differential aeration, 20, 24, 28-29, 183 
Diodes, 31-32 (see also Zener diode) 
DSA, see Anodes, dimensionally stable 
Duplex, 17 


Effectiveness of electrocorrosion 
protection, 237 
Electrical breakdown, 14, 81, 87, 89-90, 
94-96, 174 
Electrified railways, 24, 31, 25 
Electrochemical cells, see Electrolyzers 
Electrochemical plants: 
aggressive media, 49 
alkalis, 8, 11, 14, 49-50 
anolyte of nickel electrorefining, 88 
brine, 38, 45-46, 49-50, 56-57, 60, 
107-108, 142-144, 191-192, 
226-227, 230-232, 231f, 237 
catholyte of nickel electrorefining, 46f, 
88, 90, 103, 116, 116f, 118-119, 
196f, 216-217, 218f 
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caustic liquor, 49-50, 57-58, 144-145, 
182, 227 
chloride-alkali solutions, see caustic 
liquor 
chloride-sulfate solutions, see anolyte 
and catholyte of nickel 
electrorefining 
chloranolyte, 60, 104, 143, 210, 227, 235 
chlorine saturated solutions, see 
chloranolyte and condensate, 
chlorine saturated 
electrolyte of copper electrorefining, 
51, 58, 76, 85, 91, 94-96, 94f, 
137, 152, 158, 172, 185, 197 
hydrochloric acid, 50 
hydrogen, 49-50, 57-58 
neutral chloride solutions, see brine 
sulfuric acid, see electrolyte of copper 
electrorefining 
wet chlorine, 47, 49-50, 56, 63-65, 
83-84, 92, 104, 110, 115, 143, 
145-147, 146t, 147f, 150, 
155-156, 224-226, 229, 230f, 
236, 238 
cadmium electrorefining, 196 
chlor-alkali electrolysis 
De-Nora process, 50-51, 58-59 
diaphragm electrolysis, 38, 45-46, 49, 
56-57, 60, 72, 104, 142, 144-145, 
155, 191-192, 224-225, 227, 229, 
230-232, 238 
electrolysis with mercury cathode, 50, 
58-60, 103, 227, 229, 235 
membrane electrolysis, 50 
copper electrorefining, 38, 62-63, 221, 
223, 233, 238, see also electrolyte 
of copper electrorefining 
equipment 


brine headers, 56-57, 233f 


headers, see piping 
heat-exchangers, 38, 57, 60, 
230-231 
hydrogen headers, 58 
overflow units, 134, 227f, 228, 237 
piping of carbon steel, 57-58 
piping of non-conductive materials, 
39-40, 42-43, 46-47, 55, 58, 62 
piping of stainless steel, 58-59, 73, 76, 
134f, 174, 221-222, 233-234 
piping of titanium, 47, 115, 117, 148, 
179, 212, 228 
power sources, 57-58, 64-66, 155, 
172-173, 228, 238 
pumps, 38 
receivers, 38 
rectifiers, see power sources 
tube plates, 57, 230-231 
units for current drainage from the 
electrolyte to the earth, 233f 
valves, 38, 56, 58, 60, 62, 155, 
221-222, 231, 237 
wet chlorine headers, 47, 63, 65, 146, 
155, 229, 236, 238, see also piping 
of titanium 
manganese producing, 50-51, 59 
nickel electrorefining, 50-51, 61-63, 
157-158, 217, see also catholyte 
of nickel electrorefining 
perborate producing, 50, 58-59, 75, 
164, 184 
permanganate producing, 50 
water electrolysis, 46, 50, 57, 99, 145 
zinc electrorefining, 40, 42-43, 50-51, 
196 


Electrocorrosion, 2—3, 9, 23, 37, 96, 133, 


141-142, 151, 155, 170, 176, 179, 
183, 190-192, 221-223, 226, 227f, 
229, 236-237 


brine heaters, see heat exchangers 

chlorine taps, 47, 49, 63-64, 66-67, 
145-146, 156, 224-225, 229 

dechlorinators, 60 

degassing tanks, 63, 144, 185, 
223-224, 236-237 

distribution rakes, 144, 236-237 


Electrodeposition, 1 
Electrolysis baths, see Electrolyzers 
Electrolyzers: 
bipolar, 37-38, 46, 39 
leakage currents, 46-47 
materials of covers: 
concrete, 66 
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Electrolyzers: (Continued) 
glass-reinforced plastics, 56 
rubber lining, 142-143 
titanium, 63, 224, 226-227, 226f, 227f, 

229-230 
titanium lining, 229-231, 230f 

filter-press type, 46 

frame, 152, 155, 228, 
Electrosynthesis, 2 
Embrittlement: 

stainless steels, 17, 29 

titanium, 113 
Enamel, 142 
Expander, 145 


Faraday’s laws, 10-12, 19, 28, 69-70 

Ferrates, 14 

Ferric hydroxide, 8 

Ferrous hydroxide, 8 

Ferrous oxide, 8 

Foil: 
titanium, 167-168, 167f, 210 
TiNi alloy, 203, 203f 

Fouling, 25, 144-145 


Galvanic corrosion, 9-10 

Galvanostat, 12 

Gaskets, 64-65, 77, 90, 145, 156, 172-173, 
191, 222, 225 

Glass cells, 10, 104 

Gold, 7 


Hydrogen peroxide, 196-197 
Hydrogenation, 155, see also Titanium, 
hydrogenation 
nickel coating, 116-117 
stainless steel, 17 
tantalum, 17 
Hydroxyl ions, 72, 76, 83, 106, 
163-164 
Hypoferrites, 8 


Immunity, 7-9, 8f, 9f 18, 70, see also 
Pourbaix diagrams 

Impedance, 1, 6-7 

Insulating flanges, 31-32, 60-61 


Insulating inserts, 39-40, 40f, 47, 49, 
145-147, 155, 236, 236f 
Insulating materials: 
faolite, 47, 49, 56, 66, 224-225, 229 
glass, 56 
glass-reinforced plastics, 56 
polyethylene, 55, 62-63, 
222, 233-234 
polypropylene, 55 
PVC, 55 
porcelain, 32, 56 
Teflon, 55-56, 65-66, 86-87, 87f, 
92-93, 95, 142, 146-147, 1461, 
149-150, 156, 172-173, 210, 212, 
229, 233-236, 236f 
Intercrystalline corrosion: 
Lead, 29-30 
stainless steels, 58 
Intermetallic coatings: 
Co/Ti, 199-202, 201f, 202f, 208, 208f 
C/T1i, 199, 208-209, 208f 
Fe/Ti, 199-200, 201f 
Ni-C/Ti, 199, 208, 208f 
Ni/Ti, 182f, 194, 199-204, 201f 
203f, 204f, 206f, 208-210, 208f 
227f, 228 
Ni/Ti-0.2%Pd, 199 
Pb/Ti, 199-200, 202 
W/Ti, 199-200, 202 
Intemetallic compounds: 
TiNi, 202, 205, 207 
TinNi, 199, 202-207, 210, 
TiNi3, 202-203, 205, 207 
TisNinO, 204, 207 
intermetallic compounds producing 
methods: 
electric spark, 199 
plasma, 199 
Iridium, 7, 17 
Iron, 6-8, 11, 14, 28, 70, 106 
Isotope OMCr, 215 


Jet of electrolyte, 43, 45-46, 57-58, 62, 
144-145, 237 


Kirchhoff’s laws, 42-43, 45 
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Lead-acid accumulator, 196 
Leakage currents, 39-49, 40f, 44f, 48f 
accidental, 46 
anodic, 57-59, 63-64, 66, 73, 73f, 157, 
225-229 
cathodic, 103-119, 228 
combined corrosion protection, 237 
corrosion, see Electrocorrosion 
fluctuations, 108-109 
distribution, 40-43, 45-49, 48f 
effectiveness of corrosion protection, 
237-238 
limiting permissible, 129-132 
magnitudes, 41-46, 49-50 
brine lines, see electrolyte lines 
chlorine taps, 47, 48f 49 
electrolyte lines, 46, 146, 232 
gas lines, 47, 145-146 
lines of non-conductive materials, 46 
metallic lines, 42-44, 46-47, 46r 
wet chlorine lines, see gas lines 
methods of measurement: 
analytical, 42-43 
design-experimental, 41—42 
direct measurements, 44-46, 44f 
double probe method, 43, 47 
equivalent schemes, 42 
“voltmeter and shunt”, 42, 44 
Zener diodes, 42—43 
modeling in wet chlorine, 147, 147f, 
148f, 150 
modified and traditional protection 
methods: 
condensate layer interruption, 
145-151, 149f, 150f 
control of equipment location, 228 
current drainage by dissolving 
anodes, 155-157, 156f, 157f, 
224 
current drainage by sacrificial anodes, 
155-157, 156f, 157f 
current reduction, see Insulating inserts 
and jet interruption 
electrodrainage, 151, 155, 169, 
183-184 
jet interruption, 144-145 


insulation coatings, see metal isolation 
from contact with electrolyte 
metal isolation from contact with 
electrolyte, 141-142 
rational equipment distribution, 237 
sectionalization of pipes made of 
passive metals, 151-152 
new developed protection methods: 
artificial stagnant zones producing, 
210, 212-213, 212f, 236 
maintaining of the metal potential 
inside its passive field, 129, 184 
potential and current reduction along 
the protection system, 163, 233, 
see also Anodes, oriented in the 
field of external currents 
substitution of metal oxidation by 
solution components oxidation, 
163, see also Anodes, current leak 
off 
oscillations, 145, 149-150 
variable direction, 181 
Lepidocrocite, 70 
Limiting diffusion current, 117, 214 
Limiting stage of corrosion 
process, 9-10 
Lithium, 6 
Local corrosion, 14, 29, 71, 89, 95, 183 


Magnetite, 70-71 

Manganese, 50-51, 59 

Mixed metal oxide anodes, see, Anodes, 
ceramic 

MMO, see Anodes, ceramic 


Needles sharpening by electrolytic 
etching, 170 

Negative protective effect, 17, see also 
Cathodic activation of metals 

Nickel, 57, 59, 61, 72, 99, 116f, 116-117, 
157-158, 158f, 199, 218 

Nickel coating, 57, 116-117, 168 
Niobium, 169 

Nitric acid, 90, 104 

Normal distribution low of statistical data, 
48-49 
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Ohms laws, 27, 42-43 
Overvoltage, 9, 179 
chlorine evolution, 16-17, 165, 167, 
185, 190, 192, 195, see also solution 
compounds oxidation or reduction 
hydrogen, 117t, 117, 178 
metal ionization, 11, 157, 159-160 
oxygen evolution, 16-17, 70, 74-75, 99, 
167-168, 190, 192, 198-202, see also 
solution compounds oxidation or 
reduction 
solution compounds oxidation or 
reduction, 16-17, 169 
Oxidizers: 
chlor-oxygen compounds, 50, 106, 210, 
212-213 
chlorates, 50, 106, 110-111, 1114, 199, 
210-215, 235 
hypochlorites, 50, 106, 110-111, 
210-215 
dichromates, 213-218 
dissolved chlorine, 6, 50, 83-84, 
106-107, 109, 145, 210, 212-213, 
212f, 216 
dissolved oxygen, 6-8, 11, 14, 16-17, 23, 
25, 34, 50, 56-57, 92, 165, 204 
divalent copper, 9-10, 58, 76-77, 86f, 
89-90 
hydrogen peroxide, 196-197 
ozone, 196-197 
perborates, 50, 58-59, 75-76, 164, 184 
perchloric acid, 50 
permanganates, 50 
persulfuric acid, 50 
trivalent iron, 8 


Palladium, 7, 67, 97, 178 
Para-ammonium molibdate, 193-194 
Passive field, 13-15, 80, 184 
Passive state, 12-13, 15, 18, 163-164, 167, 
184 (see also Pourbaix diagrams) 
aluminum, 30 
carbon steel, 25, 30, 58, 70, 72, 239 
nickel, 73-74 
stainless steels, 59, 75t, 76, 157-158, 
234 


titanium, 60, 80, 98, 157f 157-158, 176 
Permissible pipe length, 133, 136, 152, 181 
Pitting corrosion, 13-14, see also local 

corrosion 

carbon steel, 71 

nickel, 199 

stainless steel, 29, 59-60 

titanium, 96 
Plasma spraying, 199, 2091, see also 

intermetallic coatings 
Platinum, 7, 10, 16-17, 34, 104, 164-165, 
178, 193 
Polarization, 9 
galvanodynamic, 12 
galvanostatic, 12-13, 74, 86, 89, 106, 
117, 194-195, 197, 200 
potentiodynamic, 12-13, 73, 85, 200, 
204, 208 
potentiostatic, 12-13, 19-20, 75-76, 
113-114, 167 
Polymer-concrete compounds, 32 
Polymer-lime-concrete compound, 32 
Porcelain, 32 
Portland cement, 25—26 
Potassium, 6 
Potential of metals: 
activation, 13-15, 18, 20, 59-60, 158, 
164-167, 166f, 180,184-185 
carbon steel, 169, 176, 227 
stainless steel, 172, 174 
titanium and its alloys, 60, 67, 81, 
91-92, 148f, 151-152, 164, 
167-169, 167f 
corrosion, 6, 9, 11, 12-15 
carbon steel, 18, 72 
stainless steel, 72, 75f, 75t, 75-77, 76f, 


Tif 
titanium, 83-86, 83f, 86f, 88, 
88f, 94 
equilibrium, 5, 7-8, 16-17, 30, 73, 80, 
80f 


limiting permissible, 122, 131, 136, 181 

open circuit, see corrosion potential and 
stationary potential 

oxidation of solution components, 3, 15, 
164, 172, 184 
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passivation, 76 
pitting, 14-15, 85 
redox, 92, 106, 152, 200 
reduction, 3, 17 
standard, 5, 166, 196-197 
stationary, see corrosion potential 
transpassivation, 14, 74-75, 77, 174, see 
also Transpassivation 
Potentiometry, 6 
Potentiostat, 12-13, 172-173 
Pourbaix diagrams, 7 
aluminum, 8, 9f 
iron, 6-8, 8f 
titanium, 80 
Power transmission lines, 26, see also stray 
currents sources 
Pyrolytic carbon, 192-193, 193f 
224-225 


Quasi amorphous structure, see amorphous 
structure of titanium 


Radioisotopic method, 105 
Rails, 24, 27, 31, 33 
Ratio chloride-sulfate, 93, 96 
Reducers, 50 
Reference electrodes, 10, 210, 233-234 
Ag/AgCl, 10, 43 
calomel, 10 
copper-copper sulfate, 26-27 
hydrogen, 10 
lead, 27 
zinc, 27 
Resistance welding, 167-168 
Rubber lining, 47, 49, 142-143, 146, 146¢ 
Rubberized asbestos, 145 
Rust, 8 
Rutile, 80, see also Titanium oxides 


Seawater: 
salinity, 25 
factors of aggressiveness, 24, 29, see also 
Stray currents, seawater 
Ships, 32, see also Stray currents, seawater 
Shunts, 31-32, 42, 44-45 
Sodium, 6 


Soil, 23 
aggressiveness, 24, 29, see also Stray 
currents, soil 
Stabilizing under-layer of anode coating 
(see Anode, manganese-cobalt oxide 
coating) 
Stainless steel, 18 
alkaline media, 72 
copper electrorefining, 76, 157-158, 
167f, 172-173, 173f, 174f, 185, 
221-224, 233, 233f 
diaphragm chlor-alkali electrolysis, 60 
electrochemical plants, 56-57, 59 
seawater, 29, 32 
sodium perborate, 75, 163-164 
Stray currents: 
alternating, 27, 29, 33 
anodic, 24-34 
cathodic, 24—25, 29-30 
detection and control, 25—26 
environments: 
fresh water, 25, 34 
seawater, 25, 28 
soil, 23, 28-29 
corrosion: 
aluminum cables, 29-30 
carbon steel, 28-29 
lead cables, 29-30 
low alloyed steels, 29 
stainless steels, 29 
stray currents corrosion protection: 
cathodic protection, 33 
anodes, 33-34 
electrodrainage, 32 
insulation, 31-33 
polymer-concrete compounds, 32 
sectionalization, 31-32, 151 
underground pipelines, 23-25 
underwater cables, 32-33 
Super-duplex, 17 


Tantalum, 17, 106, 169 

Thermodynamic stability of metals, see 
Immunity 

Ties, 31 

Tiles of diabase, 60, 142 
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Titanium: monopolar tube, 123-124, 124f, 126, 
alloys 131-134, 172-174, 176-177, 185 


Ti-(3-6)% Al, 97 
Ti-2% Ni, 98-100, 163-164, 
184, 199 
Ti-0.2% Pd, 98 
Ti-5% Ta, 98 
T1-V, 97 
Ti-W, 97 
B-phase, 90 
electrochemical characteristics, 79, 
see also Pourbaix diagrams, titanium 
hydrides, 80, 103-106, 108, 112-113, 
115, 178 
powders, 106 
hydrogenation, 62, 103-119, 176, 178, 
182, 184, 207, 210-211 
nitride, 202f, 202-205 
oxides, 63-65, 80 
suboxides, 60, 179 
waterline corrosion, 96 
Titanium lining, 229-231, 230f 
Transpassivation, 14, 73 
stainless steel, 73, 73f, 77 
Tritium, 105, 112, 117-118 
Tube shaped structures: 
bipolar tube, 123-126, 124f, 130-132, 
136 


semi-infinite tube, 124, 124f, 127, 129, 
130-133 


Underwater structures, 32, 142, 238-239 
Underground structures, 19, 23, 26, 29, 41, 
142, 155 


Valve metals, 80 
Volta’s “column” pile, 5 


Welding seams of titanium in the field 
of external currents: 

electrolyte of copper electrorefining, 91 

cathodic currents, 113 

chloride media, 91 

catholyte of nickel electrorefining, 

91-92 

heat-affected zones, 91-92, 115 

Working electrode, 10, 104 


X-ray analysis of intermetallic coatings, 
202-206 


Zero point, 38, 42, 45-49, 48f, 64-65, 179, 
182, 229 
Zinc, 9-10, see also Anodes, zinc 


E (V) (vs NHE) 


2 
—log i (i A/cm?) 


Plate 1 Anodic polarization plots in 1 g/1 NaCl on titanium (1) and on its alloys with: 2-—3% 
Al;3-6% Al;4-—5% Ta;5-—0.2% Pd; 6—2% Ni. Temperature, 90°C (See Figure 6.15, p. 98). 
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Plate 2. Installation for modeling operation conditions of titanium piping for wet chlorine in 
the field of external current (explanations are given in the text) (See Figure 9.2, p. 147). 
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Plate 3 Device for condensate layer interruption (explanations are given in the text). 
(See Figure 9.5, p. 149). 


Plate 4 Protection of a branch of titanium group header for wet chlorine by titanium 
sacrificial anode for leakage current drainage (explanations are given in the text) (See Figure 9.8, 


p. 156). 


Electrolyte 


Plate 5 Simplified scheme of a device with two alternative electrodes for protection of 
metallic structures from corrosion by external currents under the conditions of electrolysis 
with metal deposition on the cathode (explanations are given in the text) (See Figure 9.11, 
p. 159). 
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Plate 6 Protection from corrosion by the attack of an external current on tubes filled 
with electrolyte by using anodes: a — extended; b, c — remote, placed towards the direction 
of the external current field. BD — anode; AB — interstitial tube of conductive (b) or insulating 
(c) materials; FC and DL — parts of insulating tubes; P — external conductor (See Figure 10.4, 


p. 171). 
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Plate 7 Model of acompound tube for estimation of corrosion protection efficiency by anodes 
oriented in the field of the external current (explanations are given in the text) (See Figure 


10.5, p.172). 
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Plate 8 Potential distribution (b) along the composite electrode (a), placed along the field 
of external currents of anodic(I,) or cathodic (I) directions (See Figure 10.9, p. 180). 


Plate 9 Perforated Teflon case specimen holder (explanations are given in the text). 
(See Figure 11.15, p. 211). 
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Plate 10 Design of a stable titanium cathode with a stagnant zone for protection of titanium 
piping from corrosion by cathodic external current in media containing: (a) — dissolved chlorine 
and chlor ions; (b) — chlor ions only (explanations are given in the text) (See Figure 11.17, p. 212). 


Plate 11 Mounting of rod-shaped copper anode inside a protected pipe (explanations are 
given inthe text) (See Figure 12.1, p. 222). 
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Plate 12 Titanium degassing tank (1) with protection from corrosion by anodic leakage 
current with the help of dissolving anode (2): a — design of the tank with anode inside 
(explanations are given in the text); b — photograph of the upper part of the tank with a slit in 
which an ear of the anode is introduced (See Figure 12.3, p. 224). 


Plate 13 Protection of titanium branch tubes of group headers for wet chlorine with the help of 
current leak-off anodes of graphite (explanations are given in the text) (See Figure 12.4, p. 225). 
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Plate 14 Protection of nozzles for connecting chlorine taps to headers and for brine input 
mounted on titanium covers of diaphragm electrolyzers (explanations are given in the text) 


(See Figure 12.5, p. 226). 
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Plate 15 Titanium overflow unit for caustic liquor of diaphragm electrolyzer provided with 
protection from electrocorrosion by Ni/Ti coating obtained in an electric spark explanations 
are given in the text (See Figure 12.6, p. 227). 


Plate 16 Protection of titanium shell-and-tube heat exchangers (brine heaters) by current 
leak-off anodes (explanations are given in the text) (See Figure 12.8, p. 231). 


Plate 17 Titanium valve provided with protection against electrocorrosion by ORTA coating 
indicated by red lines (See Figure 12.9, p. 232). 
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Plate 18 a — Scheme of installation of units for current drainage from brine to earth for 
group brine headers; b — unit of titanium with ORTA coating indicated by red lines 
(See Figure 12.10, p. 233). 


Plate 19 Scheme of protection of stainless steel 18-10 piping in technological solution of 
copper electrorefining with the help of a lead anode oriented in the field of the external 
current (explanations are given inthe text) (See Figure 12.11, p. 233). 
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Plate 20 Combined protection of titanium chloranolyte header from corrosion by external 
currents of anodic and cathodic directions: TH — protected header; A — current leak-off 
anode with ORTA coating (indicated by dotted lines); IR — insulating inserts; S — perforated 
sleeves of Teflon. Arrows indicate the current direction (See Figure 12.12, p. 236). 
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